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Abstract
Cationic surfactant (CS) is one of the alarming emerging contaminants often found in municipal and industrial wastewater. 
Various research articles have already reported about the toxicity of CS. In the current research work, sustainable and green 
alginate (Ag) and alginate composite beads with xanthan gum (AgX) are explored for the adsorptive elimination of model 
CS, cetylpyridinium chloride (CPC) and cetyltrimethylammonium bromide (CTAB), from wastewater. The composite (AgX) 
beads showed relatively better performance than Ag beads in terms of mechanical strength and equilibrium time. Studies 
on FTIR spectra, SEM analysis, size distribution,  pHzpc measurement, and elemental analyses were conducted in order to 
characterize the adsorbent and to get an insight into the adsorption phenomenon. At the end of 8 days’ equilibrium time, the 
maximum adsorptive retention capacity of the AgX beads was obtained as ~ 310 mg/g with an initial CPC concentration of 
600 mg/L, using an adsorbent dose of 1.5 g/L. A layered isotherm with varying slopes was obtained, indicating different 
stages of CPC adsorption. CPC uptake by hydrogel beads was associated with significant shrinkage of the beads. Removal 
of CPC from real wastewater was possible with good efficiency. The effect of pH and interfering ions on CPC removal was 
examined. The results showed that the pH range of 5.5–6 was the optimum, and there was no interference from Co(II), Ni(II), 
and Mg(II) ions. The results showed good reproducibility with a relative standard deviation (RSD) <  ± 10%.

Keywords Alginate · Xanthan · Composite hydrogel beads · Cetylpyridinium chloride · Cationic surfactant · Adsorptive 
removal

Introduction

Surfactants are defined as surface active agents consisting 
of a hydrophilic and a hydrophobic moiety. They are one of 
the most important ingredients often required in our modern 
life. Detergents, soaps, toothpaste, shampoos, floor cleaners, 
etc., are all composed of different types of surfactants. It is 
one of the inevitable items of cosmetic and personal care 
products (Bezerra et al. 2018). They have wide applications 

in food industries for the stabilization of emulsions (Kralova 
and Sjoblom 2009). Due to the unique structure of the sur-
factant molecules, they are often adopted by industries for 
cleaning purposes (Collivignarelli et al. 2019). Hence, its 
importance is immense in domestic as well as in industrial 
activities. Surfactants are commonly classified as anionic 
surfactants (AS), cationic surfactants (CS), non-ionic and 
zwitterionic surfactants depending on the charge carried by 
them. Anionic surfactants are widely used for manufacturing 
detergents and soaps. On the other hand, CS is widely used 
in the preparation of shampoos (Chattaraj and Das 1992), 
cosmetics (Oztekin and Erim 2005), fabric softeners (Biswas 
and Pal 2020a), etc.

Although surfactants find different important applica-
tions, it is a severe environmental pollutant. After differ-
ent industrial activities, when the wastewater containing 
surfactants in high concentration is discharged, it poses a 
severe environmental threat. Surfactants are considered 
as highly challenging emerging contaminants. Effluents, 
especially coming from the laundry units, usually contain 
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very high concentrations of AS (> 8000 mg/L) (Adak et al. 
2005a). They often cause problems, such as creating foam 
in wastewater treatment plants. They have the potential 
to deteriorate the settling quality of the sludge and hence 
can adversely affect the quality of the effluent (Liwarska-
Bizukojc and Bizukojc 2006). As surfactants possess a long 
hydrocarbon chain, it is often found difficult in wastewater 
treatment plants to completely degrade these molecules in 
a short aeration period (Khoshravi et al. 2020). Their pres-
ence in water bodies is often responsible for the solubiliza-
tion of other hydrophobic pollutants such as oil, grease, and 
organic solvents posing negative impacts on aquatic lives. 
Moreover, quaternary ammonium CS are poorly biodegrad-
able under ambient conditions (Nalecz-Jawecki et al. 2003). 
Hence, their removal from water bodies is one of the major 
challenges in environmental engineering. Surfactant removal 
has been achieved through adsorption (Adak et al. 2005a), 
ion exchange (Schuricht et al. 2017), membrane bioreactor 
process (Gonzalez et al. 2007), and advanced oxidation pro-
cess (Arslan et al. 2018). Among all the processes, adsorp-
tion is found to be the simplest and most versatile technique. 
However, the development of a low-cost adsorbent with high 
adsorption capacity and high regeneration ability is still a 
major issue. Reported studies are available in the litera-
ture regarding surfactant removal by alumina (Adak et al. 
2005a), silica (Koner et al. 2010) and rubber tire granules 
(Purakayastha et al. 2005). Bae et al. (2012) explored the 
potential of pyrites for CS removal. Recently, Shami et al. 
(2019) explored dolochar for the removal of sodium dode-
cyl sulfate (an AS) from aqueous medium. In the current 
decade, biosorption has been considered as a green and sus-
tainable technique for wastewater remediation. CS removal 
by magnetic-alginate beads has been conducted by Obeid 
et al. (2014). Das and Pal (2016) removed high concentra-
tions of AS by hydrogel chitosan beads. We have recently 
reviewed the surfactant removal by adsorption techniques 
using biopolymers (Biswas and Pal 2021a). Biopolymers 
such as alginate, chitosan, tannin, and pectin have shown 
promising results in pollutant abatement in the recent past.

In the present article, cetylpyridinium chloride (CPC), 
a model CS, has been selected as the target pollutant. It 
is often present in real wastewater. In our study, hydrogel 
alginate (Ag) and alginate-xanthan (AgX) composite beads 
were applied for the removal of CPC present at a high 
concentration in synthetic and CPC-spiked real wastewa-
ter. Apart from CPC, the adsorbent also showed promis-
ing performance toward another CS, cetyltrimethylammo-
nium bromide (CTAB). Xanthan gum has been used as the 
reinforcing agent because the bare alginate beads are very 
soft and brittle in nature. Adsorption experiments were 
carried out in three different set-ups, viz., in 15 mL glass 
vials, 200 mL glass beakers, and in a fabricated reactor of 
volume ~ 1.5 L. Additionally, like our previous studies, in 

this case, the adsorption of surfactant was carried out under 
static conditions, i.e., without the aid of any shaking instru-
ment. It will undoubtedly make the process energy efficient 
(Das and Pal 2016). The effects of operational parameters 
such as variation of dose of adsorbent, initial concentration 
of CPC and pH of the solution on adsorption performance 
were investigated. The cost involved in the treatment of real 
wastewater containing CS has also been computed. The 
effect of interfering cations, which commonly occur in the 
water medium, was studied. As alginate and xanthan gum 
are both biopolymers, their capability to introduce micro-
organisms in the wastewater as a secondary pollutant was 
checked. All the experiments were performed at the Civil 
Engineering Department, IIT Kharagpur, within the period 
1.1.2022–30.6.2022.

Materials and methods

Reagents and apparatus

Alginate powder and CTAB were purchased from Loba Che-
mie. On the other hand, xanthan gum was obtained from 
Urban Platter, a local company. The molecular weight of 
the sodium alginate powder was determined following the 
method described in an earlier reported study (Sellimi et al. 
2015), and it was found experimentally to be ~ 25 kDa. CPC 
was purchased from SRL Chemicals. Calcium chloride, 
NaOH, and HCl (37%) were bought from Merck. Millipore 
water was used throughout the study.

To justify the suitability of the adsorbent (hydrogel 
alginate-xanthan beads) for real wastewater treatment, the 
effluent coming out from a UASB reactor situated in IIT 
Kharagpur campus was used as a ‘real wastewater sample.’

UV–visible spectrophotometer (Agilent, Cary 360) was 
used to record the absorption spectra. FTIR spectrophotom-
eter (Thermo Nicolet USA) was utilized to record the FTIR 
spectra. An atomic absorption spectrometer (AAS) was used 
to quantify Ca(II) ions in water medium. The morphologi-
cal analysis was done in a Scanning Electron Microscope 
(Merlin). It is to be noted that FTIR and SEM analyses were 
done with dried beads. However, the adsorption experiments 
were performed with hydrogel beads. Elemental analyses 
of the hydrogel beads before and after CPC loading were 
done by CHNS analyzer (Euro EA Elemental Analyzer). The 
size distribution of the hydrogel beads was found via Image 
j software. The MALDI-TOF–MS analysis was performed 
using a MALDI-TOF–MS analyzer (Ultraflextreme) in order 
to find out the intermediate products. Viscosity measure-
ment was done with the help of a Rheometer (Anton Paar, 
model: MCR 102) and Brookfield viscometer. An electronic 
balance (Afcoset, India) was used to measure the weight. 
For the measurement of pH, a digital pH meter was utilized 
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(Systronics, India). The conductivity of the water samples 
was measured using a conductivity meter (Toshcon Indus-
tries Pvt. Ltd. Hardwar).

Analytical techniques

CPC exhibits a strong absorption peak at 258 nm. The 
absorbance at this peak for different concentrations of CPC 
was noted down for developing the calibration curve. In the 
supplementary section, Fig. S1 represents the spectra, along 
with the calibration curve. The equation of the developed 
calibration curve was

The equation was used to find out the concentration of 
CPC remaining in the solution after adsorption. The CPC 
concentration in the water after adsorption was also checked 
with another spectrophotometric method which has been 
developed by us recently. The results obtained from these 
two methods were comparable. However, to determine the 
CTAB concentration, the spectrophotometric method was 
used (Biswas and Pal 2020a).

Synthesis of hydrogel beads

Synthesis of alginate hydrogel beads

Alginate (Ag) beads in hydrogel condition, were synthesized 
according to our previously reported study (Biswas and Pal 
2021b) with some modifications. In a 100 mL glass beaker, 
sodium alginate powder (0.2 g) was mixed with 20 mL water 
(Millipore). In another 600-mL glass beaker, 2 g of  CaCl2 
was dissolved in 50 mL Millipore water. The alginate sus-
pension was kept under magnetic stirring at 500 rpm for 
3 h. After the solution became homogeneous, it was added 
drop-wise using a 5-mL micropipette into the previously 
prepared  CaCl2 solution. Alginate hydrogel beads formed 
slowly in the  CaCl2 solution through crosslinking. The 
beads thus formed were designated as Ag beads. They were 
allowed to stay in the  CaCl2 solution overnight. After that, 
the beads were thoroughly washed with Millipore water and 
kept dipped under Millipore water for further use.

Alginate is an anionic biopolymer containing mannuronic 
acid (M) and guluronic acid (G) as the main component. 
Guluronic acid has a strong affinity for calcium ions, and 
therefore, beads are formed by crosslinking when sodium 
alginate solution is dropped in the calcium chloride solution. 
Depending upon the M/G ratio, the alginate beads are classi-
fied as soft or rigid hydrogels. The M/G ratio of the sodium 
alginate powder used in our study was experimentally deter-
mined following the reported method (Sellimi et al. 2015) 

Absorbance = 0.0142 × conc.
(mg

L

)

+ 0.0733
(

R2 = 0.9983
)

and it was found to be 0.73,. As the M/G ratio is less than 1, 
the hydrogels can be called rigid hydrogels.

Synthesis of alginate‑xanthan hydrogel beads

Alginate-xanthan (AgX) beads in hydrogel condition were 
prepared according to a procedure that resembles with the 
preparation procedure of alginate hydrogel beads. The only 
difference is that, instead of sodium alginate, in this case, 
alginate and xanthan powder, each of 0.2 g was mixed 
with 20 mL of water (Millipore). The AgX suspension was 
allowed to stay under magnetic stirring at 500 rpm for 3 h. 
After the solution became homogeneous, the AgX solution 
was poured drop by drop using a 5-mL micropipette into 
the previously prepared  CaCl2 solution. The hydrogel beads 
soon started forming as they came in contact with the  CaCl2 
solution. The hydrogel beads thus formed were named as 
AgX beads (Fig. S2; Step 1). AgX beads were ovular in 
shape, and they were less transparent as compared to the Ag 
beads. They were much stronger in comparison to the bare 
alginate beads (as it can be realized simply by pressing by 
hand).

Adsorption study in CPC‑spiked synthetic 
wastewater and CPC‑spiked real wastewater

AgX composite beads were utilized for the uptake of CPC 
(Fig. S2; Step 2) from both CPC-spiked Millipore water 
and CPC-spiked real wastewater. Adsorption study in CPC-
spiked Millipore water was conducted in three reactors hav-
ing three different sizes (containing 10 mL, 100 mL and 
1000 mL volume having CPC solutions) at ambient tempera-
ture (24 ± 2℃). On the other hand, an adsorption study for 
CPC-spiked real wastewater was carried out in a solution of 
1000 mL volume. During performing the experiment, every 
time the desired number of AgX beads of hydrogel nature 
were inserted into the CPC solution, and the whole setup 
was allowed to remain at rest with occasional handshaking. 
At certain time intervals, the concentration of CPC left in the 
solution after adsorption was monitored spectrophotometri-
cally at λmax = 258 nm. The removal percentages of CPC and 
the maximized adsorption capacity of the hydrogel beads 
were obtained using the following Eqs. (1&2):

Here, C0 denotes the initial concentration of CPC in mg/L 
before the start of the adsorption, Ce denotes the concentration 
of CPC left in the solution phase after uptake by the beads at 

(1)%R =
C0 − Ce

C0

(2)qe =
C0 − Ce

M
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equilibrium (mg/L), qe marks the maximum uptake capacity 
at equilibrium (mg/g), and M is the adsorbent dose in g/L.

So basically, there are two steps in the whole work. In Step 
1, the hydrogel beads were prepared, and in Step 2, CPC was 
removed using the AgX composite. The schematics of the 
work using AgX are shown in Fig. S2.

Statistical analysis

Statistical analyses such as relative standard deviation (RSD) 
and standard deviation (σ) were found to check the consistency 
of the results obtained experimentally. The formula of standard 
deviation is represented through Eq. (3):

Here, xi stands for a particular reading from a set of read-
ings, x denotes the mean value of all such readings, and n 
denotes the number of experimental runs.

RSD is obtained using Eq. (4):

(3)
� =

�

�

�

�

�

�

i=n
∑

i=1

(xi − x)2

n − 1

(4)RSD =
�

x
× 100

Results and discussion

CPC adsorption study

Behavior of Ag and AgX hydrogel beads toward time 
dependant CPC adsorption at its various concentrations

The efficiency of the Ag beads and AgX beads of hydrogel 
nature toward CPC adsorption was compared. For this, both 
(Ag and AgX) beads were tested for CPC adsorption under 
the same experimental condition. Briefly, five Ag and AgX 
beads (hydrogel) were inserted separately into a 10 mL CPC 
solution with different initial concentrations ranging from 
100–600 mg/L, each taken in 15 mL glass vials. Hence, the 
dose of Ag and AgX beads (hydrogel) remained at 1 g/L and 
1.5 g/L, respectively. Experiments were conducted at ambi-
ent conditions (24 ± 2℃) for four initial concentrations of 
CPC, viz., 100 mg/L, 200 mg/L, 300 mg/L, and 600 mg/L. 
The amount of CPC adsorption onto the hydrogel beads 
was recorded at the end of 1, 4, 7, and 8 days. Results have 
been compiled in Fig. 1. At the end of 7 days, at a higher 
concentration of CPC, the adsorption capacity for the AgX 
composite showed a somewhat higher value. Moreover, the 
equilibrium time required by the AgX composite for CPC 
adsorption was nearly 8 days, while it was much larger for 
the Ag beads, as it is clear from Fig. 2. After a retention 
time of 8 days, both the beads (Ag and AgX) got shrunk 
significantly. Additionally, at the end of 13 days (equilibrium 
time for Ag), the beads showed extremely poor mechani-
cal strength, and they were unfit for further use. With the 
increase in the initial concentration of CPC, the shrinking 
effect was enhanced. Upon CPC adsorption, the strength of 
both beads seemed to be decreasing. However, the Ag beads 

Fig. 1  Kinetic studies of CPC removal by a Ag and b AgX beads (hydrogel) at different initial concentrations of CPC. Dose: Ag = 1  g/L, 
AgX = 1.5 g/L
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were more deteriorated compared to the AgX beads, which 
can be felt by hand pressing. Hence, for detailed study, AgX 
beads (hydrogel) were chosen.

Effect of xanthan gum in alginate matrix

The two biopolymers used in this study, i.e., alginate and 
xanthan gum, both are anionic in nature. Sodium alginate 
is capable of bead formation by means of crosslinking with 
Ca(II) ions in water. However, the beads thus formed are 
often found brittle, and they are difficult to be used as an 
adsorbent. Hence, they are used in the form of composite 
beads with other organic and inorganic materials. Studies 
were conducted using xanthan gum as the reinforcing agent 
to impart strength and to improve the performance of the 
alginate beads toward wastewater treatment (Zhang et al. 
2013, 2014). It is also worth noting that xanthan gum is a 
water-soluble biopolymer but cannot form hydrogel beads 
like alginate.

In the present study, the main reason for imparting the 
xanthan gum in the alginate matrix was to enhance the phys-
ical strength of the hydrogel beads. Also, in the case of AgX 
hydrogel beads, the time needed to reach equilibrium was 
less compared to that of Ag hydrogel beads. Moreover, after 
CPC removal, the deformation of AgX beads was found to 
be less than that of the Ag hydrogel beads.

Variation of proportion of alginate and xanthan gum 
in the prepared beads

Apart from the variation of concentration of CPC for the 
adsorption study, the amounts of alginate and xanthan gum 
were changed to find its influence on the physicochemical 

properties of the beads and further on removal efficiency. 
In the current work, for most of the studies, in the compos-
ite beads, the proportion of alginate and xanthan gum was 
kept same. However, preparation of hydrogel beads was also 
attempted with two other proportions. In one solution, the 
amount of alginate has been kept twice that of xanthan gum, 
while in another solution, the amount of alginate has been 
kept half of that of xanthan gum. When the content of xan-
than gum was twice that of alginate, then production of bead 
was not found feasible owing to the high viscosity of the 
mixture. Instead of stable hydrogel beads, some unsteady, 
flaky structures were noticed. So, this proportion of alginate 
and xanthan was discarded in our experiments. On the other 
hand, when xanthan gum was kept as half of that alginate 
(Alginate: Xanthan = 1:0.5), then formation of beads took 
place without any difficulty. Spherical beads were obtained.

The CPC uptake capacity of both types of beads was 
tested under the same experimental conditions. In the begin-
ning, the concentration of CPC was maintained at 600 mg/L, 
and the dose of adsorbent was maintained at 1.5 g/L. In the 
case of the beads where the content of alginate and xanthan 
gum has been kept the same, the maximum uptake capac-
ity has been found to be 310 mg/g. On the other hand, in 
the case of the beads where xanthan gum content has been 
kept at half that of alginate, the maximum adsorption capac-
ity reached 285 mg/g. It was found that in the post CPC 
removal phase, both beads lose a portion of their mechanical 
strength. However, the beads, where xanthan gum content 
was higher, were stronger as realized by pressing by hand. 
Before the beads’ synthesis, the viscosity of the solutions 
having Alginate: Xanthan = 1:1 and another one having Alg-
inate: Xanthan = 1:0.5 was compared. The result showed that 
viscosity of the solution containing more xanthan gum was 
thrice viscous than the other. Therefore, it can be concluded 
that beads containing excess xanthan gum would be more 
durable than the other. So, Alginate: Xanthan with a ratio 
of 1:1 was chosen for preparing bead needed for the rest of 
the studies.

Characterization of beads (hydrogel)

Physico‑chemical properties of the beads

Alg hydrogel beads were nearly spherical in shape, while 
Alg-Xan hydrogel beads had an ovular structure. Besides 
the size distribution, the dry weights of the beads were also 
measured. Hydrogels are often defined as water-retaining 
structures. Hence it was essential to measure the dry weight 
of the beads, and, thereby to calculate the moisture content. 
The results are presented in Table 1. After CPC adsorption, 
the dry weight of the hydrogel beads was reduced signifi-
cantly. Similar results were also observed in our previous 
studies (Pal and Pal 2017, 2019). Briefly, the dry weight of 

Fig. 2  Kinetic studies of CPC removal by Alg and Alg-Xan hydrogel 
beads. Dose: Ag = 1 g/L, AgX = 1.5 g/L. [CPC] = 600 mg/L
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the Ag, AgX and AgX-CPC hydrogel beads were recorded 
as follows: In a petri dish, 30 wet beads were taken, and 
the weight of the petri dish along with the wet beads was 
taken using an electronic weighing balance. After that, the 
complete setup (wet beads + petri dish) was inserted into the 
hot air oven and dried for 3 h at a temperature of ~ 60℃. On 
being completely dried, the petri dish containing the dried 
beads was weighed again. The average of three sets of values 
was used for calculating moisture content, and the weight of 
the empty petri dish was also measured.

Size distribution of AgX hydrogel beads

After CPC adsorption, the AgX hydrogel beads shrunk 
excessively. Digital images were taken, and size distribu-
tion was analyzed for AgX beads (hydrogel) both before and 
after CPC adsorption. In both cases, 20 beads were taken 
for analysis. The beads were not completely spherical but 
were ovular in shape. Hence, dimensions of both length 
(larger one) and width (smaller one) have been chosen for 
the demarcation of their dimensions. Before the adsorption 
of CPC, the average length and width of the hydrogel beads 
were approximately 6.9 ± 0.77 mm and 4.85 ± 0.41 mm, 
respectively. However, after CPC adsorption, their aver-
age length and width were reduced to 3.9 ± 0.6 mm and 
2.65 ± 0.46 mm, respectively (Table S1). The digital images 
of the AgX beads (hydrogel) before and after CPC adsorp-
tion have been presented in Fig. 3, and the size distribution 
is shown in the supplementary section (Table S1). A similar 

report on the shrinking of hydrogel beads after surfactant 
adsorption has also been documented by other research 
groups (Obeid et al. 2014; Wang and Wang 2010; Wang 
et al. 2013). Due to CPC adsorption, Ca(II) ions present in 
the hydrogel beads were released into the solution follow-
ing the ion exchange mechanism. Due to the increase in the 
Ca(II) ion concentration in the solution, the osmotic pres-
sure increased, which led to the shrinking of the beads. A 
detailed calculation was done to know the amount of Ca(II) 
ions released and the osmotic pressure, which is described 
in Sect. "Estimation of Ca(II) ions and osmotic pressure".

FTIR analysis

For getting better insight into the mechanism of adsorp-
tion, the FTIR spectra of CPC, AgX and AgX after CPC 
modification have been recorded and presented in Fig. S3. 
A broad band has been obtained in the region of 3366  cm−1 
for CPC due to the presence of a characteristic OH group of 
adsorbed moisture. However, in the spectrum of AgX and 
CPC-loaded AgX, this peak shifted slightly toward a higher 
wavenumber (3421  cm−1). Peaks were observed in the range 
of 1600–1620  cm−1 due to the presence of carboxylates in 
the matrix of the alginate and xanthan. Pongjanyakul and 
Puttipipatkhachorn (2007) reported the appearance of a 
peak at 1615  cm−1 in alginate due to the asymmetric vibra-
tion of  COO−. However, due to crosslinking with calcium, 
this peak may get shifted toward higher wavenumber. As 
in our case, a peak is obtained at 1635  cm−1 for all three 
materials. Liu et al. (2021) also mentioned the peaks at 
1640 and 1470  cm−1 due to the stretching vibration of the 
pyridine ring. In pure CPC, a peak at 1176  cm−1 has been 
obtained. It is similar to the previously reported study (Liu 
et al. 2020). From the FTIR analysis, it is clear that the 
peaks at ~ 2850  cm−1 and ~ 2920  cm−1 appeared in the spec-
trum of CPC and CPC-loaded AgX composite due to the 

Table 1  Properties of the hydrogel Ag and AgX beads

Properties Ag beads AgX beads AgX-CPC

Dry weight per bead 2 mg 3 mg 1 mg
Moisture content per bead 97.5% 95.8% 96.2%

Fig. 3  Digital images of 
AgX hydrogel beads a before 
and b after CPC adsorp-
tion [Initial concentration of 
CPC = 600 mg/L, time = 8 days]



6669International Journal of Environmental Science and Technology (2024) 21:6663–6676 

symmetrical and asymmetrical stretching vibration of –CH2 
group of CPC (Liu et al. 2020). These peaks are absent in 
the FTIR spectrum of AgX.

CHNS analysis

The changes in the elemental composition of the beads 
before and after surfactant modification were investigated 
by the CHNS analysis of dried Ag, AgX, and CPC-modi-
fied AgX beads. It was noted that in comparison to the Ag 
beads, the AgX beads showed a higher percentage of car-
bon (Table S2). Again, after CPC adsorption onto the AgX 
beads, the carbon and nitrogen percentages were enhanced 
significantly. The ratio of carbon to nitrogen (C: N) in the 
molecular formula of CPC is 18, and after CPC modification 
of AgX, the C: N ratio in CPC-modified AgX is 19.1. The 
results indicated the incorporation of CPC into the hydrogel 
composite.

Determination of  pHzpc measurement of AgX hydrogel 
beads

The  pHzpc of the hydrogel AgX beads was determined fol-
lowing the previously described method (Biswas and Pal 
2020b) with modification. Briefly, in a series of 50 mL glass 
beakers, 0.1 M NaCl solutions of 30 mL volume were taken. 
In each of them, fifteen AgX hydrogel beads were added, 
and the pH of the solutions varied in the range of 3–11. After 
insertion of the beads, the beakers containing NaCl solution 
and the hydrogel beads were kept at rest for 24 h. Unlike the 
previous method, the beakers were not subjected to shaking 
due to the fragile nature of the hydrogel beads. The plot of 
the difference between initial and final pH vs. initial pH is 
shown in Fig. S4. It is seen from the figure that the  pHzpc 
of the hydrogel beads is around 6, which indicates that at a 
solution pH > 6, the surface of the beads will be negatively 
charged, and at pH < 6, it will be positively charged. Differ-
ent research groups obtained  pHzpc for various alginate com-
posites. Abas et al. (2015) reported the  pHzpc of mangrove-
alginate composite beads as 5.41, while Pashaei-Fakhri et al. 
(2021) found the  pHzpc of acrylamide/sodium alginate and 
acrylamide/graphene oxide alginate composite as 6.8 and 
6.21, respectively.

Viscosity measurement

In the present research work, Ag and AgX hydrogel polymer 
beads have been prepared. It has already been mentioned 
in Sect. "Synthesis of alginate-xanthan hydrogel beads" 
that the AgX composite beads were stronger than the Ag 
hydrogel beads. However, the viscosity analysis of the two 
biopolymer solutions (sodium alginate in water and sodium 
alginate mixed with xanthan gum in water) may provide 

more quantitative information in this respect. Viscosity 
is an indirect measurement of the shear strength of fluid. 
Hence, the coefficient of viscosity of both Ag and AgX solu-
tion in water was measured using a Rheometer. The coeffi-
cient of dynamic viscosity for the Ag solution was found to 
be ~ 5.47 mPa-s, and that of the AgX solution was obtained 
as ~ 520 mPa-s. It is clear from the results that the AgX solu-
tion was more viscous (~ 100 times) than that of the Alg 
solution. Hence, in terms of shear strength, the AgX solution 
was more stable. Therefore, it can be concluded indirectly 
that, after the crosslinking, the AgX hydrogel beads will 
be more resistant to shear stress imparted by the fluid, i.e., 
water, in comparison to the Ag hydrogel beads. So, the usage 
of AgX hydrogel beads is more suitable from a practical 
point of view than using Alg hydrogel beads.

Apart from the above-mentioned characterization studies, 
the determination of critical micelle concentration (CMC) 
of CPC and the SEM analysis of the AgX dried beads were 
done and the results are presented in the supplementary sec-
tion (sections S1 and S2; Fig. S5 and Fig S6).

Adsorption isotherm study

An adsorption isotherm study is conducted in order to find 
out the maximum adsorption capacity of the adsorbent. Iso-
therm is the other name of the graphical representation of 
adsorption capacity (qe) vs. concentration of solute at equi-
librium (Ce). Adsorption isotherm study for CPC adsorp-
tion onto AgX hydrogel beads was conducted for a fixed 
dose of adsorbent at 1.5 g/L at ambient room temperature 
(24 ± 2℃), and the initial concentration of CPC was varied 
from 30 mg/L to 2000 mg/L.

In most of the adsorption studies reported in the litera-
ture, isotherm follows a particular model (Langmuir or 
Freundlich). However, in the case of surfactant adsorp-
tion, there are several reported studies where layered iso-
therms have been observed. Adak et al. (2005b) reported 
the layered isotherm for the adsorptive removal of SDS 
by neutral alumina. Das and Pal (2016) observed the same 
phenomenon for the removal of SDS by chitosan hydrogel 
beads. Koner et al. (2010) concluded a similar phenom-
enon for CTAB removal by silica gel. Pavan et al. (1998) 
thoroughly described the phenomenon of SDS adsorption 
by double-layered hydroxide systems. Mishra et al. (2003) 
also obtained the layered isotherm model while studying 
the adsorption of sodium dodecyl benzenesulphonate 
onto coal. Like all the above-mentioned reports, in this 
case, a layered isotherm was obtained, as shown in Fig. 4. 
Here, the whole isotherm can be roughly divided into four 
regions. A similar layered isotherm regarding the adsorp-
tion of CPC onto mag-alginate beads was also reported by 
Obeid et al. (2014). However, the nature was not exactly 
the same. It can be clearly seen from the isotherm plot 
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shown in Fig. 4 that the slope of the graph starts chang-
ing from an initial concentration of CPC ~ 150 mg/L. The 
maximum adsorption capacity obtained in this region 
is 81.62  mg/g (Region I). After that, the slope of the 
curve starts rising at different segments, showing differ-
ent slopes. However, at the region (Region III) spanning 
from 600–1100 mg/L of initial concentration of CPC, a 
flat plateau region in the isotherm curve is noticed. The 
plateau region begins at the initial concentration of CPC 
being ~ 540 mg/L and the CPC concentration remaining 
in the solution being ~ 87.8 mg/L. This result is similar to 
that reported by Obeid et al. (2014). Actually, CPC adsorp-
tion on the hydrogel surface occurred by two phenomena: 
electrostatic attraction and hydrophobic interaction. In the 
low concentration of CPC, adsorption occurred by the ion 
exchange mechanism with calcium ions. That is why the 
hydrogel beads got shrunk. However, at higher concen-
trations of CPC, the adsorption occurred by a combined 
effect of ion exchange and hydrophobic interaction. The 
first layer in the layered isotherm corresponds primarily 
to ion exchange between the cetyl group and Ca(II) ions 
of the gel bead matrix. The second and third layer refers 
to the combined Effect of electrostatic and hydrophobic 
interaction. After all the adsorption sites of the AgX bead 
matrix got exhausted, on further increasing CPC concen-
tration, the surfactant molecules started self-assembling to 
form a micellar structure on the solid surface. After CPC 
adsorption, Ca(II) ions released into the solution were 
estimated by AAS. Roughly Ca(II) ions at a concentration 
of ~ 4.5 mmol/L (180 mg/L) were observed to remain in 
the final solution, corresponding to an initial concentration 
of CPC of 600 mg/L. The beginning of the plateau region 
denotes an adsorption capacity of ~ 310 mg/g. After the 
CPC’s initial concentration of 1100 mg/L, the adsorption 

uptake curve starts rising. The maximum uptake capacity 
was obtained as ~ 500 mg/g at an initial CPC concentration 
of 1900 mg/L.

Estimation of Ca(II) ions and osmotic pressure

The Ca(II) ions used up by the AgX beads for crosslink-
ing and the amount of Ca(II) released into the effluent dur-
ing CPC adsorption was estimated by AAS. The amount of 
Ca(II) loaded during the crosslinking to form the beads was 
estimated as ~ 8.3 mmol/g (332 mg/g). After CPC adsorp-
tion, the Ca(II) ions released into the effluent were also 
calculated using the same procedure. Three samples were 
tested, and the average Ca(II) concentration was determined 
as 4.5 mmol/L (180 mg/L). Before the insertion of the AgX 
hydrogel beads into the CPC solution, no Ca(II) ions were 
there in the water medium. Hence, the increase in osmotic 
pressure can be calculated as follows:

Here, π denotes the osmotic pressure, i represents Van’t 
Hoff factor, c represents molar concentration, R is the 
ideal gas constant, and T represents room temperature. 
Taking the value of i as 3, c as 4.5 mmol/L, R as 0.0821 
 LatmK−1  mol−1, and T as 300 K, the increase in osmotic 
pressure was obtained as 0.332 atm.

Variation of adsorbent (AgX hydrogel beads) dose

In an adsorption study, it is quite important to examine the 
effect of adsorbent dose on the adsorption phenomenon. In 
the present study, CPC adsorption was carried out using 
2 beads and 5 AgX hydrogel beads per 10 mL of the sur-
factant solution (600 mg/L). Hence, the doses of the adsor-
bents remained at 0.6 g/L and 1.5 g/L, respectively. Read-
ings were taken at different time intervals (up to 8 days). 
The CPC removal efficiency in the case of 5 beads was 
higher (~ 77%) in comparison to that of 2 beads (~ 50%). 
However, the adsorption capacity (mg/g) in the case of 2 
beads obtained was higher (~ 1.46 times). The results have 
been shown graphically in Fig. 5. The maximum adsorption 
capacity for CS removal has been compared with various 
adsorbents reported in the literature (Table 2).

Kinetic study

The kinetic study is one of the most important areas of the 
adsorption process since the mechanism, as well as the trend 
of removal can be understood from it. Time-dependent plots 
of the remaining concentration of CPC using adsorbent dose 
of 1.5 g/L and 0.6 g/L have been shown in Fig. 6. Adsorption 
study was conducted at 24 ± 2℃ (ambient room temperature) 
under static conditions. It is interesting to observe that most 

� = icRT

Fig. 4  Isotherm of CPC adsorption on AgX hydrogel beads. 
(Dose = 1.5 g/L)
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of the removal in both cases (adsorbent dose 1.5 g/L and 
0.6 g/L) took place within 4 days. The experimental data 
for the first 4 days can be well-fitted with the zero-order 
kinetic plot. After that, the trend seems to deviate from the 
zero-order kinetics and follow a mixed-order kinetic model.

Adsorption of CTAB

It is already stated that most of the adsorption studies have 
been performed with CPC as the target pollutant. However, 
in order to justify the potential of AgX hydrogel beads 
toward other CS, it was also tested against another model 
CS, i.e., CTAB. Adsorption experiments were done in a way 
similar to that of CPC adsorption. Briefly, in two 15-mL 
glass vials, 10 mL CTAB solutions having initial concentra-
tions of 100 mg/L and 600 mg/L were taken separately. To 
each of them, 5 AgX hydrogel beads were inserted so that 
the dose of the adsorbent became 1.5 g/L. After keeping 
the setup at a static condition, at the end of 8 days (equi-
librium time for CPC adsorption), the amount of CTAB 
remaining in the solution was determined by our previously 

reported method (Biswas and Pal 2020a). By mass balance, 
the adsorption capacity for initial CTAB concentrations 
of 100 mg/L and 600 mg/L were found to be ~ 58 mg/g 
and ~ 297 mg/g, respectively. The results are quite compa-
rable with that of the CPC adsorption study. Hence, it can 
be concluded that the AgX hydrogel beads are also suitable 
for another CS adsorption.

CPC adsorption in large‑scale batch reactors

Scaling up of laboratory reaction setup is of utmost impor-
tance to find out the applicability of the removal process in 
real-field. In the present study, first, the adsorption experi-
ments were performed in 15-mL glass vials with an influent 
volume of 10 mL. Next, to see the size effect of the reactors, 
the volume of the reactor was increased to 200 mL, where 
100 mL influent volume was considered to get 10 times scale 
up. Finally, with further scaling up, the adsorptive removal 
was studied in a small tank fabricated out of an acrylic glass 

Fig. 5  Effect of adsorbent (AgX) dose on CPC removal. 
[CPC] = 600 mg/L

Table 2  Adsorption capacities of different adsorbents toward cationic surfactant removal

Adsorbent Surfactant Dose of adsor-
bent (g/L)

Isotherm Maximum adsorption 
capacity (mg/g)

References

Silica CTAB 30 Layered isotherm 74 Koner et al. (2010)
Pyrite CPC 4 Langmuir model 121.38 Bae et al. (2012)
Mag-alginate CPC 10 Layered isotherm 609 Obeid et al. (2014)
Tannigels (hydrogels from 

tannin extracts)
CTAB – – 695.24 mg/g Sanchez-Martin et al. (2011)

AgX hydrogel beads CPC 1.5 Layered isotherm 500 This work

Fig. 6  Kinetic plot of CPC removal. [CPC] = 600 mg/L
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reactor. The reactor had the appearance of a cuboid having 
dimensions of 36.5 cm × 9.3 cm. An outlet hole was drilled 
in such a way that the volume of the reactor became nearly 
1.5 L. The setup of the fabricated reactor has been shown 
in the supplementary section (Fig. S7). The CPC solution 
used in this case was 1L. So, again, a scaling up by a factor 
of 10 was done. Hence, a total scale-up of 100 times was 
examined, and their performance was evaluated.

In all cases, the initial concentration of CPC was fixed 
at 600 mg/L and 5 beads were used for 10 ml solution, 50 
for 100 mL solution and 500 for 1L solution. Hence, the 
dose (1.5 g/L) and initial concentration of CPC (600 mg/L) 
remained the same. The kinetics of CPC removal up to 
8 days have been plotted in Fig. S8. It is quite interesting 
to observe that the removal efficiency remained almost the 
same even with the increment of the reactor size. Hence, 
AgX may be recommended for large-scale wastewater treat-
ment containing emerging pollutants like CPC.

CPC uptake by the hydrogel beads took place through 
multiple mechanisms, including osmosis, ion exchange, 
diffusion, hydrophobic interaction, etc. The osmotic phe-
nomenon is involved in the case of the hydrogel beads, as 
also indicated by other reported studies (Saber-Samandari 
et al. 2017). As osmosis is a slow process and diffusion is 
a fast process, therefore the overall process is slow in com-
parison to traditional adsorption studies. On the other hand, 
although bulk diffusion is a quicker process, diffusion inside 
the hydrogel beads is also a slow phenomenon, which also 
reduces the speed of CPC uptake. However, these beads are 
also suitable as a substrate for constructed wetlands, as also 
mentioned in our previous study (Biswas and Pal 2022).

Effect of coexisting cations on CPC removal

The presence of cations like Ca(II), Mg(II) are common 
in municipal wastewater. On the other hand, in industrial 
effluents, cations like Ni(II), Mn(II), Co(II) etc. are often 
encountered. Hence, a study is conducted to examine the 
effects of commonly occurring cations on CPC removal. For 
this study, cations like Mg(II), Ni(II), Co(II) were added to 
the CPC bearing Millipore water in such a way that in the 
final solution of CPC concentration remained at 600 mg/L 
and the metal ion concentration remained as 50 mg/L. The 
adsorption study was conducted in a 250 mL glass beaker 
containing 100 mL CPC solution (600 mg/L) and 50 AgX 
hydrogel beads. The percent CPC removal under different 
conditions (at the end of 8 days) is shown in Fig. S9. The 
CPC removal capacity of the hydrogel AgX beads in the 
presence of Co(II), Mg(II) and Ni(II) ions (50 mg/L) and 
in Millipore water (i.e., the control) was almost the same. 
It is quite clear that in the presence of 50 mg/L of different 
cations (Ni(II), Co(II), Mg(II)) almost no interference was 
observed on CPC removal by AgX hydrogel beads.

Effect of pH

In an adsorption study, it is pertinent to verify the Effect 
of the solution pH on the adsorption process. Firstly, the 
CPC solution (600 mg/L) was made acidic (pH ~ 2) by 
the application of dilute HCl when no color change was 
noticed. The spectrum also remained unchanged. After 
that, 5 hydrogel beads were inserted in 10  mL (dose 
remained as 1.5 g/L) CPC solution (600 mg/L) taken in 
a 15-mL glass vial and allowed to keep at rest for 8 days. 
The CPC concentration remaining in the solution was 
then measured and found that very little adsorption took 
place (~ 7%). The result is consistent with the obtained 
 pHzpc of the AgX hydrogel composite beads. At solution 
pH < 6, the surface of the AgX hydrogel beads remained 
positively charged, and it repelled the positively charged 
CPC molecules. Similar results (32%) were mentioned for 
the low quantity of CPC adsorption on the mag-alginate 
beads (Obeid et al. 2014).

Adsorption capacity remained highest at near-neutral 
conditions (~ pH 5.5–6). But, in the alkaline pH range 
(pH ~ 8–10), the adsorption capacity of the hydrogel beads 
remained low. The CPC removal efficiency of AgX hydrogel 
beads at different pH conditions has been shown in Fig. 7.

Reproducibility studies

In order to make an adsorbent fit for practical purposes, its 
performance should be reproducible. In our case, the repro-
ducibility study was tested with three initial concentrations 
of CPC: 100 mg/L, 600 mg/L and 1500 mg/L. The dose of 
the adsorbent was fixed at 1.5 g/L like the other studies, and 
the whole set-up was kept at rest for 8 days. Experiments 
were run in triplicates, and the results have been presented 
in Table S3. It can be clearly observed that the adsorption 
capacity obtained during three independent runs is quite 
close. The RSD values lie in the range of 2–9%

CPC removal from real wastewater spiked with CPC

The real sample was taken from the effluent from a waste-
water treatment plant. The characteristics of the real sample 
have been compiled in a supplementary section (Table S4). 
The absorption spectrum of the raw wastewater was recorded 
to get an idea about the presence of CPC in it. However, no 
peak at 258 nm (characteristic of CPC) was observed.

Therefore, the real wastewater sample was spiked with 
CPC in different proportions, and it was checked with the 
calibration curve developed for the CPC solution in Mil-
lipore water. The results are compiled in the Supplemen-
tary section (Table S5). It was found that the recovered 
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percentages closely correlated with the spiked amount, and 
the standard deviation was within ± 5%.

An adsorption study was conducted in a small fabricated 
reactor with the real wastewater spiked with CPC at a con-
centration of 600 mg/L. The removal efficiency obtained 
was very close to that obtained in Millipore water (~ 78% 
removal).

Such a high concentration of cationic surfactant is found 
in the effluent of some industries, for example, those produc-
ing mouth softeners. Hence, the AgX hydrogel biocomposite 
may provide a green and sustainable remediation technique 
for real wastewater treatment and can be considered a new-
age material to control emerging pollutants.

Bacteriological test

As both the alginate and xanthan are biopolymers, there is 
a chance of biodegradation, which may cause unnecessary 
growth of microorganisms in the system, causing secondary 
pollution. Hence, a confirmatory test was done to check the 
possibility of bacterial growth in the samples containing alg-
inate and alginate-xanthan solution. Hence,10 μL of sodium 
alginate and alginate-xanthan solution was spread sepa-
rately on two nutrient agar plates and incubated at 30℃ for 
2 days. At the end of 2 days, no growth of bacterial colony 
was observed in either of the alginate and alginate-xanthan 
spread plates. This concludes that there is less chance of the 

production of secondary pollutants (microorganisms) from 
these biopolymer beads.

The toxicity test was also conducted to confirm that when 
the developed method of CPC removal using AgX beads is 
applied to the real wastewater scenario, it may not affect 
the microorganism growth by posing toxicity. Typically, 
the test was started with the spreading of E. Coli bacterial 
strain on a nutrient agar medium. Two disks were bored on 
the Agar medium, as shown in Fig. S10. These two disks 
were filled separately with sodium alginate and sodium 
alginate-xanthan gum solution. If any toxic chemicals were 
leached from these two disks, then bacterial growth might 
be inhibited, and there would be a clear zone around these 
two disks. However, in this case, no such clear zones were 
visible. Hence, it was concluded that no toxic substances 
were produced from alginate-xanthan composites.

MALDI‑TOF–MS analysis

MALDI-TOF–MS analysis was performed with the super-
natant to find out the leaching of ions or chemicals from the 
AgX matrix during the adsorption of CPC, and the results 
were compared with those obtained with Ag solution, AgX 
solution, CPC solution. The results are shown in Fig. 8. In 
the spectra of Ag and AgX, a sharp peak has been found at 
a m/z value of 177. The monomeric unit of alginate is the 
mannuronic acid and guluronic acid, which has a typical 

Fig. 7  Effect of pH on CPC 
removal by AgX hydro-
gel beads. Dose = 1.5 g/L, 
[CPC] = 600 mg/L
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peak at m/z equal to 176. Moreover, in previous studies, 
some peaks were reported to appear at m/z equal to 723 and 
798 due to alginate (Aida et al. 2010). In our case, a very less 
intense peak has been found at 797 in the spectrum of Ag 
(Fig. 8a) and that of AgX (Fig. 8b). In the MALDI-TOF–MS 
spectrum of CPC (Fig. 8c), a sharp peak has been observed 
corresponding to the m/z ratio of 305 (Abdelhamid et al. 
2017). After CPC adsorption, the peak at m/z value cor-
responding to 305 has been observed due to the remaining 
CPC in the effluent (Fig. 8d). Significant peaks correspond-
ing to AgX are absent. Hence, the biopolymer composite 
(AgX hydrogel beads) can be considered to be stable, and 
no leaching took place.

Cost analysis

Cost computation is extremely necessary for the establish-
ment of a new system for pollutant removal. In our case, the 
cost has been divided into two categories, viz. (i) materials 
cost and (ii) synthesis cost. Materials cost involves the cost 
of the chemicals used only i.e., sodium alginate powder, cal-
cium chloride (fused), and xanthan gum powder. Synthesis 
cost involves the cost of water required for the production 

of the beads and also the electricity required during the 
blending process. However, some additional items, such as 
glass wares, and micropipettes are considered non-estimated 
(Dalvie et al. 2005). To include the cost of these, an addi-
tional 10% of the overall cost has been allotted. The cost 
computation has been provided in detail in the supplemen-
tary section (Table S6). To treat one liter of real wastewater, 
the price has been found to be nearly 9.22 INR. Considering 
1 USD is equivalent to 80 INR, ~ 8.7 L of real wastewater 
containing 600 mg/L of CPC can be treated by spending $1.

According to the other reported study (Dadebo et al. 
2023), the removal of 1 kg of COD from wastewater may 
add up to 0.15 $ which is approximately equal to 12 INR. 
COD of CPC has been estimated by using the following 
formula:

From the molecular formula of CPC, values of x and y 
are 21 and 38. Hence. By calculating, we get 314 mg/g CPC, 
which corresponds to 1043.31 mg/g of COD. So, for remov-
ing 1 kg of COD, roughly 1 kg of adsorbent (AgX-CPC) is 
required. In the case of other adsorbents, such as silica and 
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Fig. 8  MALDI-TOF–MS spectra of a Ag, b AgX, c CPC, d supernatant after adsorption of CPC
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pyrites, the amount to be spent will be higher as their adsorp-
tion capacity is less. Therefore, it can be concluded to get 12 
INR profit, we have to spend 1 kg of AgX adsorbent which is 
lower in comparison to those other reported studies.

Conclusion

A novel composite bead comprising alginate and xan-
than has been fabricated, characterized and evaluated as an 
adsorbent to remove cationic surfactant (e.g., CPC, CTAB). 
The adsorbent served very well in the CPC concentration 
range of 100–600 mg/L, showing high adsorption capac-
ity ~ 61–310 mg/g. The presence of coexisting ions in real 
wastewater has a negligible effect on the adsorption perfor-
mance. The optimized pH for the adsorption has been found 
to be ~ 5.3, which is the pH of normal wastewater. Hence, 
pH adjustment is not required in most of the cases which is 
beneficial. The maximum CPC removal by the AgX hydrogel 
beads at a dose of 1.5 g/L has been found to be nearly 78% 
at 600 mg/L and 90% for 100 mg/L of initial CPC concentra-
tion. The beads are quite stable and biocompatible. The perfor-
mance of CPC removal by AgX hydrogel beads has also been 
evaluated at different scaled-up reactors and for real wastewa-
ter. The results are quite promising.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13762- 023- 05421-7.
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