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Abstract
For the adsorption of methylene blue (MB), novel bio-polymeric matrices prepared from polylactic acid/sodium alginate 
(PLA/SA) and polylactic acid/sodium alginate/carbon nanoparticle (PLA/SA/CNP) as green adsorbates were prepared in the 
form of beads. The developed adsorbent was analyzed using scanning electron microscopes and Fourier transform infrared 
spectrometers. The percentage of adsorbed dye increased with increasing CNP content, and the optimum ratio was 5% wt. 
The efficiency of the beads' removal and adsorption capacity were evaluated concerning with (adsorbent dosage, contact 
time, initial pH, and concentration of adsorbate). After 120 min using 50 mg of PLA/SA/CNP beads, the adsorptive removal 
process for MB dye was determined to have the maximum rate at pH 9. The models of Langmuir and Freundlich were used 
to illustrate the experimental data. Langmuir models determined the highest adsorption capacity to be 304.88 mg/g.
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Introduction

Dyes are used in various industrial processes, including the 
dying, textile, paint, cosmetics, paper printing, and plastics 
sectors (Labena et al. 2021; Sattar et al. 2017). Dye is a 
crucial part of several manufacturing processes. Most dyes 
are resistant to light, heat, oxidizing chemicals and are not 
biodegradable. As a result, their presence in wastewater in 
large numbers causes significant environmental harm (Ho 
et al. 2020).

One of the significant contributors to water pollution is 
the large volume of industrial effluents produced, which are 
harmful to aquatic species and humans. For example, in the 
textile industry, more than 200,000 tons of dyes are lost due 
to inefficiencies in this process. Furthermore, several dye's 
degradation products may be toxic, mutagenic, or carcino-
genic, producing extra pollution to the ecosystem (Sattar 
et al. 2017). Due to their complex structures, dye-induced 

color in effluents also contributes significantly to pollution 
in aquatic habitats (Sumanjit and Kaur 2007), where they 
collect in the water and prevent bacterial growth and pho-
tosynthesis by absorbing sunlight as it enters the biosphere. 
According to the dye content (Labena et al. 2021) and expo-
sure duration, dyes also have various long-term effects on 
organisms (Sumanjit and Kaur 2007; Amin et al. 2010). The 
ingestion and dye exposure is connected to several health 
issues (Wan et al. 2011). Dye removal has gained great atten-
tion and needs a lot of work because dye presence in waste-
water poses several risks (Wan et al. 2011). These include 
ion exchange (Wan et al. 2011). Electrochemical, advanced 
oxidation process, chemical oxidation, biological process, 
membrane filtration (Li et al. 2008), photocatalysis (Kou-
manova and Allen 2005), and adsorption (Sabarinathan et al. 
2019) (Wan et al. 2011). The advantages of the adsorption 
technique are low cost, ease of application, ease of design, 
effectiveness, and the ability to reuse and regenerate adsor-
bents (Annadurai et al. 1999; McKay et al. 1986; and Ayad 
et al. 2012). Additionally, the capacity to modify the adsor-
bent's surface, which permits increased adsorbent perfor-
mance, is a significant advantage of the adsorption process 
(Annadurai et al. 1999). To increase removal efficiency, 
selectivity, and longevity, a number of modified materials 
have been developed (Koumanova and Allen 2005).
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Agricultural waste, clay minerals (McKay et al. 1986) 
and zeolites chitosan, and chitin (Annadurai et al. 1999) 
are some of these adsorbents, as well as carbon-based sub-
stances such multi-walled nanotubes, (Makhado and Hato 
2021), activated carbons, and graphene oxide (Song et al. 
2022) (Ayad et al. 2012). The use of the above materials is 
still constrained by their partial adsorption capability, low 
reusability, the large volume of sludge production, and high 
operating costs (Crini and Badot 2008). The most frequently 
used adsorbents are activated carbon (Wang et al. 2020) and 
polymers (Salisu et al. 2015; Mohammad and Atassi 2020; 
Ali et al. 2017). Carbon nanoparticles have generated a lot 
of interest recently due to their advantages, including their 
high adsorption capacity, large surface area, high porosity, 
and thermal stability, which make them a flexible adsorbent 
with high adsorption effectiveness and suitable for waste-
water treatment (Abdel Moniem et al. 2022). CNP is a non-
graphite form of carbon that can be made from activated 
carbon materials such as coconut shells, bamboo, wood 
chips, sawdust, and other agricultural wastes. Due to their 
biodegradability, affordability, and availability, biomaterials, 
in particular biopolymers made from renewable sources, can 
be employed as an alternative to conventional adsorbents 
(Kaushal and Tiwari  2010).

PLA is a biodegradable thermoplastic aliphatic polyester 
derived from renewable resources including tapioca roots, 
maize starch, chips, and starch (Mohammad and Atassi 
2020) and its structure is shown in Fig. 1. Alginate is a poly-
mer derived from brown algae found in seaweed (Ali et al. 
2017) (Soleimani et al. 2023) composed mainly from the 
residue of β-1,4-linked-D-mannuronic acid (M-Block) and 
α-1,4-linked-Lguluronic acid (G-Block) Fig. 1. Alginate's 
use in recovering valuable metals and eliminating hazardous 
elements has been extensively investigated (Ali et al. 2017). 
The alginate was previously used to remove Rhodamine-B 
from an aqueous solution utilizing adsorption onto cross-
linked alginate beads and to extract methylene blue from 
an aqueous solution using magnetic alginate beads cross-
linked with epichlorohydrin (Hu, T. et al. 2018). (Kaushal 
and Tiwari 2010).

Based on these findings and in keeping with our ongo-
ing research in this area, we have designed and developed 
a novel polymeric matrix of PLA/SA/CNP beads for the 
adsorption of methylene blue (MB). The effectiveness of 

removing methylene blue from the porous beads was then 
evaluated in an aqueous media as a model for the future 
treatment of industrial colors in wastewater.

Experimental

Chemicals

Polylactic acid (PLA) (IngeoT M 6202D fiber grade) was 
purchased from nature works LLC (USA). Sodium alginate 
(ALG-Na+), carbon nanoparticle (CNP) and methylene 
blue (MB) were purchased from Sigma-Aldrich (Germany). 
CaCl2 were purchased from Elnaser for the chemical indus-
try-Egypt. All the other reagents were in the analytical grade 
and were used without further purification.

Instrumentation

A UV–vis spectrophotometer was used to measure dye 
concentration (Chrom Tech, Ltd, USA A magnetic stirrer 
(VELP, SCIENTIFIC, Italy), and analytical balance (Met-
tler AJ150) and GALLENKAMP (flask Shaker, five speeds) 
were used. The pH was determined using the Jenway pH 
Metre 3310. The Nicolet i10 FT-IR spectrometer from 
Thermofisher Scientific, USA, was used to investigate FTIR 
spectra in the region of (4000–500 cm−1). SEM was used to 
characterize the surface structure morphology of the ALG/
PLA/CNP composite beads using a Quanta 250 FEG model 
(Field Emission Gun).

Preparation of adsorbate (MB dye)

A 1000 mg/L stock solution was prepared by dissolving 
1.00 g of MB dye in 1000 mL of distilled water. Different 
concentrations of MB dye were prepared using appropriate 
dilutions of the stock solution (Fig. 2).

Preparation of adsorbent (PLA/SA/CNP beads)

Preparation of PLA/SA beads

PLA/SA beads were prepared by dissolving 2  g SA in 
100  mL distilled water for 4  h with stirring at room 

Fig. 1   The chemical structure of 
polylactic acid (PLA) (a), and 
sod alginate (SA) (b)



6205Chemical Papers (2023) 77:6203–6216	

1 3

temperature and 1 g PLA in 100 mL acetone for 24 h with 
stirring at room temperature. Then the SA solution was 
added drop by drop to the PLA solution. The PLA/SA beads 
were created by dropping the PLA/SA solution into a mag-
netically stirred 3% (w/v) CaCl2 solution using a syringe 
with a needle (1.2 × 38 mm), which resulted in solid beads 
as illustrated in Fig. 3.

Preparation of PLA/SA/CNP beads

PLA/SA/CNP beads as shown in Fig. 3 were prepared, as 
mentioned previous step in addition to adding different 
weights (1, 3, 5) wt% of CNP.

Batch adsorption experiments

100-mL Erlenmeyer flasks were filled with a particular num-
ber of beads and 50 mL of dye aqueous solution, and they 
were violently shaken in a temperature-controlled water 
bath shaker utilizing the variable initial dye concentra-
tion (50–200 mg/L), pH range (3–10), temperature (25 C), 
doses (20–200 mg) and duration of contact (15–120 min). 
At 663 nm, the concentration of the solution's un-adsorbed 
(remaining) MB dye was measured spectrophotometri-
cally. The following equations were used to determine the 
adsorption capacity and percentage removal of MB dye by 
the adsorbent:

where qe (mg/g) capacity of adsorption, C0 (mg/L) and 
Ce (mg/L) are the initial and equilibrated concentrations of 
MB dye, respectively, V (L) is the total solution volume and 
m (g) dry mass of the adsorbent.

(1)qe(mg∕g) =
V
(

C0 − Ce

)

m

(2)Removal % =

(

C0 − Ce

)

C0

100

Fig. 2   The chemical structure of methylene blue (MB)

Fig. 3   Camera picture of beads 
a PLA/SA, b PLA/SA/1% wt 
CNP, c PLA/SA/3% wt CNP, 
and d PLA/SA/5% wt CNP
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Results and discussion

The microbeads construction achieved by hydrogen bonding 
interaction between PLA and SA followed by crosslinking 
by CaCl2 to form the uniform beads. Figure 4 shows the 
proposed mechanism for reactions.

Characterization of adsorbent

FTIR spectra

FTIR spectrum in the range of (4000–500 cm −1) of the 
prepared adsorbent was taken to detect the functional groups 
responsible for the adsorption process and illustrated in 
Fig. 5. It is noticeable in curve CNP that the characteristic 
peak at 1500 cm1 is associated with the C=C. For the PLA 
curve, it is observed the characteristic peak at 1752 cm−1 is 
related to the C=O group. Other prominent peaks at 1085 
and 1183 cm−1 represent C–O stretching for C–O–C and 
C–O, respectively. C-H bending is illustrated by peaks at 
1382 cm−1 and 1453 cm−1 for CH3 and CH = CH3, similar 
results (Ho et al. 2020). In Fig. 5, abroad peak at around 
3446 cm−1 related to the stretching vibration of the hydroxyl 
groups present in SA polymer. The peak observed at1600, 
1407 and 1034c m−1 was ascribed to COO−, C–C band 
vibration and C–O–C, respectively, in the PLA/ SA copol-
ymer chain. The peak at 2,925 cm−1 corresponded to the 
–CH, which stretching vibrations of the CH2. The peak at 
1600 cm−1 is due to coo− groups. The peak at 1416 cm−1 is 
due to the C–C bending vibration. The characteristic peak at 
1030 cm−1 is related to the C–O–C stretching frequencies. 
The characteristic bands correspond to Na–O at 818 cm−1. 
It was observed from the curve PLA/SA/CNP, Fig. 5, and 
the characteristic peaks at 2922 and 2852 cm1 are associated 

with the CH2 group's asymmetric stretching and symmetric 
vibrations.

Scanning Electron Microscopy (SEM)

SEM used to examine and describe the prepared beads' sur-
face (SEM). At various magnifications, SEM images of all 
the beads shown in Fig. 6. It observed that the beads were 
spherical in shape. The average particle size of the PLA/
SA beads was 2.547 mm. However, the PLA/SA/CNP beads 
3.018 mm are shown in Fig. 6a, c. It is noticeable that there 
is a slight increase in size may have resulted from added of 
CNP to the beads. After the addition of CNP to the PLA/
SA beads, there may have been some molecular interaction 

Fig. 4   The reactions involved in the preparation of composite PLA-ALG-Ca+2
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Fig. 5   FTIR of the prepared adsorbent a PLA/SA, and b PLA/SA/
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between those polymers, and this may have caused a bet-
ter porous surface of the beads and the structural changes 
in the morphology of the beads as illustrated in Fig. 6b, c. 
The cross-sectional Sem images of PLA/SA/CNP are pre-
sented in Fig. 6e, f. Figure 6f illustrates that the granules' 
surface was particularly porous, offering additional potential 
locations for the adsorption of metal ions. Because of the 
alginate activated carbon's porous structure, which provides 
enough surface for the adsorption of dye.

pH at a zero‑point charge (pHzpc)

In this study, pH drift method (Badran et al. 2021) was used 
to find pHzpc. Using 20 mL of a 0.05 M NaCl solution for 
this procedure. Each solution's initial pH (pHi) was adjusted 
to be between (3–10) by adding 0.1 M of (NaOH or HCL). 
After this, 0.5 g of prepared adsorbent was placed with each 
solution and the mixtures was shaken at 180 rpm at 25 °C for 

24 h. The final pH (pHf) of the supernatant was calculated 
using a pH metre. The change in pH (ΔpH) for each solu-
tion was plotted versus initial pH and the intersection point 
of the curve with abscissa given the value of pHzpc and it 
was found to be pH 8.1 for PLA/SA and PLA/SA/CNPS as 
shown in Fig. 7.

Effect of the addition of CNP on the main properties 
of the adsorbent

The addition of CNP to the polymeric matrix led to chang-
ing in the properties of the adsorbent due to CNP deposited 
on the granules' surface being particularly porous, offering 
additional potential locations for the adsorption of metal 
ions. Because of the alginate-activated carbon's porous 
structure, which provides enough surface for the adsorption 
of metal ions, its capacity to adsorb MB is increased.

Fig. 6   SEM image of a, b PLA/
SA, c, d PLA/SA/CNP and e, 
f cross-sectional of PLA/SA/
CNP beads
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Influence of CNP content on the percentage dye 
adsorbed of PLA/SA/CNP beads.

The percentage of dye adsorbed at the various concentra-
tions of CNP content in the 0, 1, 3, and 5% wt was examined 
in the presence of 100 mg/L of MB at pH 7. The results, 
illustrated in Fig. 8, revealed the percentage of absorbed 
dye improved as CNP content increased. The surface area 
increases as more adsorption sites become available because 
of CNP's contribution to the adsorption enhancement. When 
the PLA/SA beads contained CNP 5% wt., the greatest per-
centage of sorption of PLA/SA/CNP beads at equilibrium 
was 98.45%. This demonstrated that a large surface area of 

the adsorbent and many adsorption sites contributed to an 
increase in the percentage of dye adsorbed; consequently, a 
small increase in the amount of adsorbent provided a signifi-
cantly greater surface area to absorb large numbers of MB 
molecules. In the literature (Ahmad et al. 2011), the same 
outcome has been described.

Batch study

Influence of pH

At an initial dye concentration of 100 mg/L, the influence of 
pH on MB dye adsorption by PLA/SA/CNP 5% wt. beads 

Fig. 7   pHzpc of a PLA/SA and 
b PLA/SA/CNPS
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were examined in the pH range (3–9). As a cationic dye, 
methylene blue has a positive charge in its aqueous solu-
tions, as seen in Fig. 2. As a result, adsorption is affected by 
both the charge on the surface of the beads and the medium's 
pH. The PLA/SA/CNP 5% wt. beads' CNP functional groups 
were encouraged to protonate because of the higher H+ ion 
concentration, and the MB dye was repellent because of the 
higher total positive charge. At low pH levels, the H+ ions 
compete with MB dye for adsorption sites.

When the pH is high, the surface of the beads becomes 
negatively charged, enhancing adsorption. Since MB is a 
cationic dye, the adsorption process is improved by electro-
static attraction (Aluigi, A et al.2014). Figure 9 shows that 
the clearance percentage increases as pH increases. This is 
due to the functional groups on the prepared beads having a 
negative charge. Additionally, at high pH levels, the rivalry 
between MB molecules and protons decreases. Accordingly, 
pH 9 was chosen as the ideal pH for investigations. Figure 9 
shows the adsorbent's surface before and after it was exposed 
to MB dye at pH 9. The relative standard deviation (RSD) 
for five replicate measurements was calculated to be 0.85% 
for 100 mg/L (Fig. 10).

Influence of contact time

PLA/SA/CNP (5% wt.) beads were used to examine the 
impact of contact time (15–180 min) on the adsorption of 
MB dye at an initial dye concentration of 100 mg/L. The 
removal % of MB dye utilizing PLA/SA/CNP (5%  wt) 
beads was dramatically increase over the first 60 min, due 
to the adsorbent surface having a lot of active sites, as dem-
onstrated by the data in Fig. 11. At 120 min, the process 
reached equilibrium. Following that, the outside pores 
became saturated, which marginally enhanced the adsorption 

rate, and the MB dye needed a lot of time to enter the inside 
pores. Therefore, it was decided that 120 min was the best 
contact time for studies. The relative standard deviation 
(RSD) for five replicate measurements was calculated to be 
0.88% for 100 mg/L.

Influence of adsorbent dosage

The influence of PLA/SA/CNP 5% wt beads dosage on the 
elimination of 100 mg/L of MB was investigated. The PLA/
SA/CNP dose is 5% wt beads ranging from 5 to 200 mg. Fig-
ure 11's results show that the percentage of MB sorption at 
equilibrium increased as the dosage of PLA/SA/CNP 5% wt. 
beads was increased. The percentage of methylene blue 
adsorption increased slightly at doses greater than 50 mg. 
This finding may be explained by the fact that even when the 
adsorbent dosage was raised, the amount of methylene blue 
molecules bound to the adsorbent and the number of free dye 
molecules remained unchanged. Rhodamine B is known to 
exhibit a comparable behavior (Hayeeye et al. 2017). The 
relative standard deviation (RSD) for five replicate measure-
ments was 0.81% for 100 mg/L (Fig. 12).

Influence of concentration of adsorbate

The inf luence of the initial concentration of dye 
(50–400  mg/L) on the adsorption of MB dye is illus-
trated in Fig. 13. When the concentration increased from 
50 to 400 mg/L, it was seen that the absorption percent-
age decreased from 98.54 to 72.74. The MB dye tends to 
bind at higher concentrations to form molecules of large 
sizes that cannot enter the interior pores of the adsor-
bent, and this is why the highest adsorption occurred at 
a range of (50–100 mg/L). Additionally, at high MB dye 

0

20

40

60

80

100

120

98.45

75.5

63.6

PLA/SA/CNP
5%

PLA/SA/CNP
3%

PLA/SA

59.1

 The percentage dye adsorbed

PLA/SA/CNP
1%

Fig. 8   Influence of CNP content (0, 1, 3 and 5% wt.) added into PLA/
SA on the methylene blue adsorption

2 3 4 5 6 7 8 9 10
60
64
68
72
76
80
84
88
92
96

100

Re
m

ov
al

 (%
)

pH

Fig. 9   The effect of pH on the MB dye's ability to bind to PLA/SA/
CNP 5%  wt beads (dye concentration 100  mg/L, adsorbent dosage 
50 mg, contact period 120 min, temperature 25 °C)



6210	 Chemical Papers (2023) 77:6203–6216

1 3

concentrations, the adsorbent surface's active sites were 
saturated, which decreased the removal percentage on the 
surface of PLA/SA/CNP5% wt. beads, as shown in Fig. 14. 

The relative standard deviation (RSD) for five replicate 
measurements was calculated to be 0.72%.

Influence of Temperature

The effect of temperature on MB adsorption was studied 
at temperatures ranging from 25 to 60 °C. The results are 
illustrated in Fig. 15; it is noticeable that the decrease in the 
removal of MB by the PLA/SA/CNP beads with increasing 
temperature. As shown in Fig. 15, the increase in tempera-
ture from 25 to 60 ˚C decreases MB removal percent from 
98.54 to 95%. This behavior indicates that the adsorption 
process is exothermic.

Isotherm study

Several models that study the adsorption isotherm curves 
are illustrated in the literature (A.O, 2012; Allen et al. 2004; 
Başar 2006). The adsorption of methylene blue solution by 
the manufactured beads was examined using Langmuir and 
Freundlich models in the current work (Allen, et al. 2004; 
Başar, et al. 2006; Aluigi et al. 2014). Common isotherms 
models that are used to determine the applicability of the 

Fig. 10   A camera images of the 
adsorbent both before and after 
adsorption (a, b)
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Fig. 11   Adsorption of MB dye onto PLA/SA/CNP 5%  wt beads: 
Effect of contact time (dye concentration 100  mg/L, pH = 9, adsor-
bent dosage 50 mg)
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adsorption process are the Langmuir's and Freundlich's mod-
els, which also reveal on the adsorption mechanism. The 
Langmuir model proposes that adsorption is a monolayer 
process (Khalil et al. 2021). The Langmuir’s equation is 
described as follows:

where Ce is MB equilibrium concentration (mg/ L), qe is the 
equilibrium adsorption capacity at distinct MB concentration 

(3)
Ce

qe
=

1

KL.qmax

+
Ce

qmax

(mg. g−1), KL (L/mg) is Langmuir constant and qm (mg/g) is 
the adsorption capacity of the prepared adsorbent. Adsorp-
tion is assumed to be a multilayer process, per Freundlich's 
model. The linearized form of the Freundlich equation is 
as follows:

KF is the Freundlich constant; (1/n) is the adsorption 
intensity.

Figures 16 and 17 show descriptions of the Freundlich 
and Langmuir models, respectively. For the initial con-
centration of MB dye (50–400 mg/L), the equilibrium 
period was 120 min. Table 1 lists the estimated values of 
their constants (1). The data for regression coefficients R2 
showed that the Langmuir model, which has an adsorption 
capacity equal to 304.88 mg/g, better describes the adsorp-
tion of MB on PLA/SA/CNPS beads.

Adsorption kinetic

To investigate the rate and mechanism of MB adsorbed 
at equilibrium and at time t (min), respectively, and the 
key step of the adsorptive removal operation, experimen-
tal data were fitted by models of pseudo-first order and 
pseudo-second order (Hu et al. 2010; Mortada et al. 2023), 
which represented as following:

(4)lnqe = lnKf +
1

n
ln Ce

Fig. 14   The camera picture 
shows the effect of different dye 
concentrations on the removal% 
of MB dye onto PLA/SA/CNP 
5 wt% beads, a before adsorp-
tion, b after adsorption
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(5)ln(qe qt) = lnqe K1.t

(6)t∕qt = 1∕K2qe2 + t∕qe

where qt (mg/g) is the adsorbed dose of CV at time t (min), 
qe (mg/g) is adsorbed amount of CV at equilibration, and 
K1 (min-1) is the rate constant for pseudo-first order, K2 (g/
mg.min) is the rate constant for pseudo-second order.

Figures 18 and 19 represent the experimental data and 
the curve-fitting results are compiled in Table 2. From 
values of correlation coefficient (R2), the pseudo-second 
order was better than the pseudo-first order which sug-
gested that the adsorption of MB onto the adsorbent sur-
face obeys the pseudo-second-order model and there is a 
strong force between the adsorbent surface and adsorbate 
caused by surface complexation of MB with the functional 
groups on the surface of the adsorbent. Also, the pseudo-
second-order model suggests that the rate-controlling 
step is chemisorption in the adsorption process (Ahmed 
& Ahmed 2015).
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Fig. 16   Langmuir isotherm of MB dyes adsorption onto PLA/SA/
CNP 5% wt. beads at 25 °C
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Fig. 17   Freundlich isotherm of MB dyes adsorption onto PLA/SA/
CNP 5% wt. beads at 25 °C

Table 1   Isotherm model parameters for MB dye adsorption by PLA/
SA/CNP5% wt. beads at 25˚C

Adsorption isotherm Parameter Value

Langmuir qm(mg/L) 304.880
KL(L/mg) 0.115
R2

MSE
0.986

4.80554E-33
Freundlich n 3.062

Kf(mg/g) 67.068
R2

MSE
0.952

8.56395E-31
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Fig. 18   pseudo-first order model of MB adsorbed on PLA/SA/CNP 
beads
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Fig. 19   pseudo-second-order model of MB adsorbed on PLA/SA/
CNP beads
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Regeneration study

The feasibility of reusing the beads will be investigated for 
both environmental and financial reasons. The produced 
beads were soaked in a 1 M HCl solution for 15 min before 
being filtered and thoroughly dried. The tested MB solution 
had 100 mg/L of dye, 50 mg of adsorbent, a pH of 9, and a 
contact duration of 120 min at a temperature of 25 °C. We 
achieved five adsorption–desorption cycles. PLA/SA/CNP 
5% wt. beads' surface had adsorbed MB dye removed using 
HCl after each cycle. Figure 20 shows the outcome and illus-
trates how less MB dye was eliminated as a result. This is 
due to the surface of the beads losing part of their active 
regions. So, following the fifth cycle, adsorption efficiency 
dropped by 28.58%.

The suggested mechanism for the adsorption 
process.

A proposed process for the adsorption of MB dye onto PLA/
SA/CNP is shown in Fig. 21. Carboxyl groups are present on 
the surface of SA and CNP similarly. Therefore, the forma-
tion of the PLA/SA/CNP is achieved via a strong hydrogen 
bond between SA and CNP. Adsorption tests (impact of solu-
tion pH) revealed that at pH 9, a high level of MB adsorp-
tion onto the PLA/SA/CNP surface was accomplished. This 
finding refers to a powerful electrostatic interaction between 

the molecules of the MB dye and the adsorbent. This result 
refers to a powerful electrostatic interaction between the 
molecules of the MB dye and the adsorbent. The surface of 
PLA/SA/CNP had a lot of carboxyl groups, which dissoci-
ated into carboxylate anions, that influenced the attraction of 
positively charged MB dye molecules. The strong adsorption 
capacity of PLA/SA/CNP may also be due to the π-π stack-
ing interaction between MB onto CNP.

Comparison with different adsorbents.

This study indicates that PLA/SA/CNP beads have great 
potential as an effective matrix for removing the methyl-
ene blue dye from aqueous solutions. We find that the new 
matrix is more effective and superior to the previously used 
materials in removing the dye when compared to the results 
previously published, which are shown in Table 2. This find-
ing suggests that the new matrix can be used as an efficient 
method to remove MB dye after further development in the 
future at the industrial level (Table 3).

Table 2   Showed kinetic models and their parameters in the adsorp-
tion of MB on PLA/SA/CNP beads

Kinetic model Parameter Value

Pseudo-first order (PFO) Qe (mg/g) 114.43
K1 (min)−1 0.019
R2 0.952

Pseudo-second order (PSO) Qe (mg/g) 129.53
K2 (g/mg.min) 0.00017
R2 0.963

Table 3   The adsorbent's MB 
adsorption capacity is compared 
to that of other adsorbents 
previously reported

Adsorbents Qmax (mg/g) Refs

keratin nanofibers 170.0 Aluigi et al. 2014
PVP/PCMC/GO/bentonite hydrogel 172.1 Dai et al. 2018
Polydopamine-coated electrospun poly(vinyl alcohol)/

poly(acrylic acid)
180.0 Yan et al. 2015

Magnetic PVA/laponite RD hydrogel nanocomposite 251.0 Mahdavinia, et al. 2017
Nanocomposite of chitosan/silica/ZnO
Ho-CaWO4
Amberlite resin supported GO
1.0% g-C3N4/CNCs-H hydrogel
poly(β-CD-BPDA)

293.3
103.09
155.25
232.55
96.15

Hassan et al. 2019
(Igwegbe et al. 2019)
(Ciğeroğlu et al. 2020)
(Wang et al. 2020)
(Lagiewka et al. 2023)

PLA/SA/CNP beads 304.88 Current study

Fig. 20   Removal efficiency of PLA/SA/CNP 5% wt. Beads in a five 
successive adsorption–desorption cycle process
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Conclusion

For the adsorption of methylene blue (MB), novel bio-
polymeric matrices prepared from polylactic acid/sodium 
alginate (PLA/SA) and polylactic acid/sodium alginate/car-
bon nanoparticle (PLA/SA/CNP) as green adsorbates were 
prepared in the form of beads.

In this work, PLA/SA and (PLA/SA/CNP) beads were 
prepared for the successful adsorption of methylene blue 
(MB) dye. The amount of adsorbent used, the starting pH, 
the contact period, and the dye concentration all had an 
impact on the amount of MB that removed by the adsor-
bent. pH 9, 50 mg of the adsorbent and a contact period 
of 120 min with an initial dye concentration of 100 mg/L 
were the optimal working conditions. The Langmuir model 

fits the equilibrium data well with 304.88 mg/g capacity 
of adsorption. Functional groups on the surface of PLA/
SA/CNP, such as (–OH) and (–COO–), are responsible for 
MB dye's binding to the PLA/SA/CNP surface, according 
to the FTIR spectroscopy investigations. The regeneration 
study was applied using HCl (1 M) remarkably after the 
fifth cycle; the percentage removal loss was only 28.58%. 
This study indicates that PLA/SA/CNP beads have excit-
ing potential for cationic methylene blue dye removal from 
aqueous solutions.

Funding  Open access funding provided by The Science, Technology & 
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB).
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Fig. 21   The suggested adsorption mechanism of MB dye on PLA/SA/CNP beads
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