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A B S T R A C T   

An alginate gel bead composite adsorbent with polyethyleneimine (PEI) as a surface modifier and Eichhornia 
crassipes (EC) biochar, known as EC-alg/PEI-3, was added internally to the adsorb Cr(VI) from an aqueous 
environment. The functionalized gel beads were characterized using SEM, XPS, FTIR, and other techniques. The 
maximum adsorption capacities of EC-alg/PEI-3 were 714.3 mg g− 1 at 10 ◦C and 769.2 mg g− 1 at 25 ◦C. In the 
treatment of highly concentrated electroplating wastewater, EC-alg/PEI-3 can be dosed at 1.4 g L− 1 to reduce the 
concentration of Cr(VI) to below 0.05 ppm. EC-alg/PEI-3 maintained a competitive adsorption capacity after six 
cycles. This spherical adsorbent material is easy to prepare, has a very high adsorption capacity, is environ-
mentally friendly, and can be easily recycled. The EC-alg/PEI-3 gel beads are promising for the treatment of 
industrial wastewater.   

1. Introduction 

Chromium (Cr) is considered one of the most toxic heavy metals 
found in nature and is widely used in many industrial processes, such as 
metallurgy, welding, metal finishing, and tanning (Qu et al., 2021; 
Sharma et al., 2022). Cr exists mainly in the form of Cr(III) and Cr(VI). Cr 
(VI) is 100 times more toxic than Cr(III) in aqueous environments. Cr(VI) 
is mainly present in water column as Cr2O7

2− , CrO4
2− , HCrO4

− , and other 
soluble anions (Kong et al., 2022; Sivaraman et al., 2022), which have 
strong oxidation and migration capacities. When the concentration of Cr 
(VI) in drinking water is higher than 0.10 ppm, it causes symptoms such 
as heavy metal poisoning, carcinogenesis, and mutagenesis. There are 
several ways to reduce the concentration of Cr(VI) in water bodies, 

including adsorption (Bajpai et al., 2004), electrochemistry (Chen et al., 
2021), membrane treatment (Han et al., 2022), and bioremediation 
(González et al., 2012). Adsorption has the advantages of simple oper-
ation and wide application and is considered to be a competitive treat-
ment technology for dealing with heavy metal pollution in aqueous 
environments. Common adsorbents such as biochar, graphene, carbon 
nanotubes, and metal-organic frameworks are mostly in the form of 
nanoscale powders, which are usually modified using metallic materials 
or organic substances. In practical scenarios, there are problems with 
metal leaching and difficulties in the secondary recovery of nano-
materials. Therefore, there is a need to identify suitable embedding 
materials to immobilize nanomaterials in suitable matrices. 

Natural polysaccharide polymeric materials are gaining increasing 
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attention from researchers because they are easily available without 
toxic effects, have adjustable surface morphologies and physicochemical 
properties, have a high affinity for heavy metals, and undoubtedly have 
great potential to become green and efficient adsorbents (Guan et al., 
2022). Among them, alginate is a low-cost, easily manufactured material 
rich in carboxyl groups. Sodium alginate (SA) is a common natural linear 
anionic polysaccharide containing mainly β-1,4-glycosidic linkages of 
α-l-mannuronic acid and β-d-gulo-guluronic acid, which are highly 
biocompatible and biodegradable and form gels of a certain size and 
shape (filamentous, beads, membrane) by cross-linking with divalent or 
trivalent metal ions (Fan et al., 2020). However, the weak mechanical 
strength and low adsorption capacity of SA affect its applicability in the 
adsorption process. Therefore, the introduction of inorganic/organic 
fillers into the SA matrix both improves the mechanical weaknesses of 
the original SA (Asnam et al., 2022), and the fillers can have a syner-
gistic effect with the SA matrix in terms of durability and adsorption 
properties. SA has been widely used to immobilize small particle ma-
terials such as biochar (Qiao et al., 2020), clay materials (Lin et al., 
2021), graphene oxide (Zhuang et al., 2016), and metal-organic 
frameworks (Jia et al., 2022). Lv et al. (2017) synthesized reduced 
graphene oxide-alginate beads with embedded FeO nanoparticles. 
Compared to unmodified SA beads, the breakage rate decreased by 40% 
under shaking at 500 rpm for 30 days, and the removal rate of Cr(VI) 
was improved by 65% within 3 h. Zhang et al. (2019) prepared 
alginate-encapsulated multi-chambered triethylenetetramine -modified 
chitosan beads for the removal of Cr(VI). Under optimal experimental 
conditions, the maximum Cr(VI) adsorption was 291.3 mg g− 1, which 
was approximately 11 times higher than that of pure alginate beads. 

In the present work, functionalized SA gel beads prepared by a 
simple method are proposed for Cr(VI) removal from the aqueous 
humor. Porous biochar was prepared using MgCl2-modified Eichhornia 
crassipes (EC). The porous biochar was then thoroughly mixed with the 
SA gel and dropped into a CaCl2 solution to form gel beads. Subse-
quently, polyethyleneimine (PEI) was grafted onto the bead surface 
using glutaraldehyde as a cross-linking agent to increase the amino 
content of the bead surface and enhance the adsorption of Cr(VI) The 
adsorbent has a ’core-shell’ bead structure, which avoids the super- 
micron size problems of the adsorbent material and the difficulties of 
separation and recovery. The prepared gel beads were characterized in 
various ways, and a series of adsorption experiments were carried out. 

The effects of pH, adsorption kinetics, adsorption isotherms, 
adsorption thermodynamics, and recoverability of the gel beads were 
discussed. The mechanism of Cr(VI) adsorption during this process was 
investigated using X-ray photoelectron spectroscopy (XPS) and Fourier 
transform infrared spectroscopy (FTIR). Furthermore, as it is important 
to examine the practical application performance of gel beads because of 
their use in the adsorption of Cr(VI) in water bodies, the adsorption of 
gel beads in untreated electroplating wastewater solutions was investi-
gated. This study provides information on green and efficient adsorbent 
that can be applied to practical wastewater treatment. 

2. Materials and methods 

The materials and characterization methods used for the experiments 
conducted are described in the Supplementary information (SI). 

2.1. Preparation of EC-alg/PEI gel beads 

EC powder (4 g) was added to 1 M 40 mL MgCl2⋅6H2O solution and 
mixed at 75 ◦C for 12 h. Subsequently, the mixture was dried, ground, 
and thermally decomposed at 10 ◦C min− 1 under N2 atmosphere and 
maintained at 500 ◦C for 2 h to obtain Mg-modified biochar. The 
resultant biochar was stirred with 1 M HCl for 24 h to remove the Mg 
ions and ash, and the acid-washed biochar was washed to a neutral pH 
with plenty of water. After dissolving SA (0.5 g) in 25 mL of deionized 
(DI) water, an equal amount of the modified EC biochar was added and 

mixed for 24 h. The mixed solution was added dropwise to a 2% (w/v) 
CaCl2 solution to obtain EC-alg gel beads, which were left for 24 h. 

The gel beads were cleaned and soaked with DI water to wash away 
excess Ca2+ and Cl− and immediately transferred to 100 mL of different 
masses of PEI solution while stirring for 6 h. They were then rapidly 
transferred to 100 mL of 2% glutaraldehyde aqueous solution to cross- 
link with PEI and stirred at 50 ◦C for 1 h. The gel beads were filtered 
and cleaned alternately by ethanol and DI water to remove unreacted 
glutaraldehyde. The gel beads were frozen for 30 min and then vacuum 
freeze-dried for 12 h. To select the optimal PEI modification amount, 
0.5, 1.5, 3, 4, and 5 g of PEI were added, and the obtained gel beads were 
named EC-alg/PEI-0.5/1.5/3/4/5, respectively. 

2.2. Batch adsorption 

The adsorption behavior of EC-alg/PEI was investigated through 
batch adsorption experiments, including the solution pH, adsorption 
time, and temperature. A typical adsorption test involved the addition of 
0.012 g of adsorbent to 30 mL of Cr(VI) solution and dynamic adsorption 
at 150 rpm. All tests were repeated three times. 

First, the influence of the initial pH on Cr(VI) adsorption was 
investigated. Cr(VI) solution with a concentration of 200 ppm was 
prepared by changing the pH to 1.5–8.0 with 0.1 M HCl and 0.1 M 
NaOH. To investigate the time required to reach adsorption equilibrium, 
300 mL of Cr(VI) solution with initial concentrations of 200 and 1000 
ppm and pH 2.0 were used and 0.5 mL of the solution was collected at 
different times. The adsorption isotherms were measured at 10, 25, and 
40 ◦C, and the initial concentration of Cr(VI) was varied between 200 
and 1,400 ppm. Cr solutions were measured by Inductively Coupled 
Plasma Optical Emission Spectrometer (ICP-OES) and UV spectropho-
tometer was used to measure the concentration of Cr(VI). The remaining 
Cr(VI) concentration was calculated from the absorbance at 540 nm and 
the calibration curve of the UV–Vis spectrophotometer, using diphe-
nylcarbazide (DPC) as a color developer. The equilibrium adsorption 
capacity qe (mg g− 1) was calculated as 

qe =
(C0 − Ce)⋅V

m
(1)  

where C0 (ppm) and Ce (ppm) were the initial and equilibrium con-
centrations; V (L) was the volume of the initial solution; and m (g) was 
the mass of the adsorbent. 

2.2.1. Adsorption of Cr(VI) in electroplating wastewater 
Using untreated electroplating wastewater from the Jiangyan 

Longgou Electroplating Factory (Taizhou City, 161 Jiangsu Province, 
China), a test experiment for the practical application of EC-alg/PEI-3 
was conducted. First, 12 mg EC-alg/PEI-3 was added to 30 mL of un-
treated electroplating wastewater and the experiment was performed at 
25 ◦C until reaching adsorption equilibrium. The Cr(VI) concentration in 
the wastewater before and after adsorption was tested. Finally, 12 mg of 
EC-alg/PEI-3 was added to 30 mL of untreated plating wastewater and 
tested at 25 ◦C until adsorption equilibrium was reached. 

2.2.2. Desorption experiments 
Adsorption was carried out at 25 ◦C for 24 h at pH 2.0, with 200 ppm 

Cr(VI). The gel beads were filtered and shaken with 50 mL of 0.1 M HCl 
solution for 30 min to wash away the Cr(III) and then with 50 mL of 0.1 
M NaOH solution for 30 min. The surface of the gel beads was then 
rinsed with DI water until neutral pH was achieved. Another 30 mL of 
the Cr(VI) solution was added for the subsequent adsorption experiment. 
This procedure was repeated six times. 

3. Results and discussion 

The behavior, mechanism and application of EC-alg/PEI-3 on the 
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adsorption of Cr(VI) in solution were analyzed by the relevant charac-
terization and experimental results. 

3.1. SEM analyses 

Digital photographs and SEM images of the EC-alg/PEI-3 beads are 
shown in Fig. 1. The EC-alg/PEI-3 beads were uniform in size, with an 
average diameter of approximately 2 mm (Fig. 1a). The EC biochar was 
embedded in the alginate gel layer and exhibited an irregular surface 
and porous structure with different pore sizes (Fig. 1e). The 3D porous 
structure inside the gel beads can be observed in the bead cross-section, 
which has an ’egg-box’ structure formed by calcium alginate (Karthik 
and Meenakshi, 2015). The EC-alg/PEI-3 beads exhibited a spherical 
“core-shell” structure with a rough surface (Fig. 1d and g) which proves 
that PEI was successfully grafted onto the surface of the EC-alg gel beads. 
The porous structure of the EC-alg/PEI-3 beads facilitates the diffusion 
of Cr(VI) and provides active sites for Cr(VI) adsorption. After the 
adsorption of Cr(VI), the EC-alg/PEI-3 beads maintained their robust 3D 
porous structure, but the surface became rough, probably because the 
adsorbed Cr(VI) partially filled the porous channels. 

3.2. BET analyses 

To explore the relationship between the pore size and specific surface 
area of the gel beads and adsorption, N2 adsorption–desorption experi-
ments were performed. The resulting adsorption isotherms represented 
typical type-IV adsorption isotherms according to the IUPAC classifica-
tion (Zhao et al., 2021). The SA and EC-alg/PEI-3 beads were shown to 
have mesoporous and microporous structures with H2 hysteresis lines, 
which also indicated the formation of calcium alginate gels with a 
reticulate structure. In contrast to the SA beads (Fig. 2b), the surface 
area of EC-alg/PEI-3 increased slightly from 50.07 m2 g− 1 to 51.8 m2 

g− 1, the pore size increased significantly from 12.1 nm to 26.4 nm and 
the pore volume increased approximately 2.3 times (0.15–0.34 cm3 

g− 1). This may be attributed to the doping of the gel beads with 
Mg-assisted open pore EC biochar. After modification with the Mg, the 
EC biochar underwent a decomposition process of MgCl2 during pyrol-
ysis, releasing HCl and H2O and causing the formation of pore structures 
in the biochar matrix (Yin et al., 2021). During the pyrolysis process, 
newly formed MgO and (MgOH)Cl can be used as in situ templates for 
generating porous structures in the biochar matrix, and after acid 
washing, the template sites are exposed to form a larger surface area 
(Ling et al., 2017). The specific surface area of the Mg-modified EC 
biochar powder was 308.120 m2 g− 1, which is much larger than that of 
the unmodified biochar (79.711 m2 g− 1). The EC-alg/PEI-3 composite 
had more active sites and facilitated the access of contaminants to the 
surface and interior of the adsorbent. After the adsorption of Cr ions, the 
specific surface area, pore size, and pore volume decreased slightly to 
50.72 m2 g− 1, 23.9 nm, and 0.30 cm3 g− 1, respectively, which may be 
caused by the adsorbed Cr(VI) occupying some of the pore channels. 

3.3. XPS analyses 

The XPS spectra of EC-alg/PEI-3 before and after adsorption are 
shown in Fig. 3. The peaks at 399.3 eV and 398.5 eV shown in Fig. 3d 
were attributed to –NH2 and = N groups (Yan et al., 2017). A new peak, 
corresponding to the protonated amine group appeared at 400.9 eV after 
adsorption. The protonation of the active amine site on the surface of 
EC-alg/PEI-3 at a lower pH might have increased the number of positive 
charges on the surface of the material, making it more favorable for 
binding Cr(VI). Following Cr(VI) adsorption (Fig. 3e), the binding en-
ergies of the –NH2 and = N groups moved correspondingly to 399.6 eV 
and 398.3 eV, indicating the involvement of these functional groups in 
the adsorption process. Furthermore, from the inverse fold product of 

Fig. 1. Digital photo of EC-alg/PEI-3 (a) and SEM images of the EC-alg/PEI-3 bead cross-section (b, e) and surface SEM image before (d) and after Cr(VI) adsorption 
(c, f); EDS elemental mapping of the EC-alg/PEI-3 beads (g, h) and after Cr(VI) adsorption (i). 
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the O 1s spectra of Fig. 3a and b, the two peaks associated with C–O and 
C=O at 531.7 eV and 533.1 eV (Zhang et al., 2019) were shifted to lower 
binding energies of 513.6 eV and 532.9 eV, respectively, while a new 
peak at 530.2 eV appeared after adsorption, possibly representing Cr–O. 
This suggests that Cr may be bound to oxygen-containing groups. 

After adsorption (Fig. 3c), EC-alg/PEI-3-Cr showed Cr2p1/2 and 
Cr2p3/2 peaks at 586 eV and 576 eV, respectively, showing that Cr(VI) 
was adsorbed onto the gel beads (Omer et al., 2019). The peaks for 
Cr2p1/2 and Cr2p3/2 can be further split into 587.7 eV and 585.9 eV, 
578.5 eV and 576.4 eV for Cr(VI) and Cr(III), respectively. 

3.4. FTIR analysis 

In Fig. 3f, the broad absorption peak at 3406 cm− 1 originates from 
the stretching of –OH in SA and EC biochar and the overlapping 
stretching of N–H groups in PEI. The antisymmetric and symmetric vi-
brations of COO− at 2935 cm− 1 occurred at 1610 and 1418 cm− 1, 
respectively, overlapping the primary and secondary ammonia in PEI 
(Xiong et al., 2018; Zhao et al., 2017). The signal positions and in-
tensities of the nitrogen- and oxygen-containing groups adsorbed after 
Cr(VI) were slightly shifted and changed, respectively, suggesting that 

these groups may be engaged in the adsorption of Cr(VI). For example, a 
wider and stronger band appears near 3400 cm− 1, which may be 
attributed to the formation of a new hydrogen bond between the –OH 
group and Cr(VI). The peak at 2936 cm− 1 was due to alkyl C–H 
stretching, which decreased in intensity after adsorption, indicating the 
involvement of C–H in the removal of Cr(VI). New characteristic peaks 
appeared at 933 and 810 cm− 1, which were likely caused by the for-
mation of Cr–O compounds owing to the formation of Cr(III)–NH2 co-
ordination bonds (Sun et al., 2010, 2014).The N–H bands located at 
1610 and 1418 cm− 1 were later shifted to 1622 and 1420 cm− 1. 

3.5. Effect of pH on Cr(VI) removal 

The effect of the initial pH of the solution on the adsorption can be 
explained by the form of chromium ions present in the solution and the 
charge carried on the surface of the adsorbent. In aqueous solutions, Cr 
ions are usually present in different forms under different pH conditions. 
When the pH is less than 2, Cr(VI) is mainly present as H2CrO4, which is 
difficult to be adsorbed by electrostatic attraction; when the pH is be-
tween 2 and 3, HCrO4

− is the main form of Cr(VI), and when the pH 
exceeds 6.8, HCrO4

− is converted to CrO4
2− . In Fig. 4a, the adsorption 

Fig. 2. N2 adsorption–desorption isotherm curves and pore distribution of SA beads and EC-alg/PEI-3 beads (a), pore size of alg and EC-alg/PEI-3 before and after Cr 
(VI) adsorption (b). 

Fig. 3. Spectra of O 1s of EC-alg/PEI-3(a) and EC-alg/PEI-3-Cr (b); the high-resolution Cr 2p spectrum of EC-alg/PEI-3-Cr (c); the N 1s spectra of EC-alg/PEI-3 (d) 
and EC-alg/PEI-3-Cr (e); FTIR spectra of EC-alg/PEI-3 and EC-alg/PEI-3-Cr specimens (f). 
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decreased with increasing pH, reaching a maximum of 350.5 mg g− 1 at 
pH 2. This can be attributed to the following. (1) the ionic size of CrO4

2−

is larger than that of HCrO4
− and therefore at pH 2–3 HCrO4

− ions diffuse 
more easily in the solution, which facilitates the adsorption. At the same 
time, when the pH increases, the OH− concentration in the solution 
increases, which in turn hinders the diffusion of HCrO4

− and CrO4
2− , and 

the OH− and Cr(VI) anions compete together for the active site of 
electrostatic attraction, causing the adsorption amount to decrease 
continuously. (2) The pHPZC of EC-alg/PEI-3 was positive at pH 2–5 
(Zheng et al., 2022) and showed a maximum at pH 2 and a negative 
value at pH 6–8. This suggests that EC-alg/PEI-3 contains a large number 
of amino and carboxyl groups, which protonate under acidic conditions, 
making the material positively charged and facilitating Cr(VI) removal 
from aqueous solutions. (3) A large amount of H+ is present in the so-
lution at low pH, which is available for the reduction of Cr(VI) to Cr(III) 
(Pi et al., 2021). When the pH increases, the concentration of H+

involved in the reduction reaction decreases, resulting in a subsequent 
decrease in the reduction and removal of Cr(VI) (Equations 12 and 13). 

3.6. Adsorption isotherms 

Adsorption experiments were conducted at room temperature 
(25 ◦C, 150 rpm),with shaking at pH 2.0. The adsorption isotherms of 
EC-alg/PEI-0.5/1.5/3/4/5 were obtained by varying the initial Cr(VI) 
concentration from 200 ppm to 1400 ppm, and the results are shown in 
Fig. 4b. The grafting rate of PEI as a functional reagent on EC-alg beads 
was a key factor in determining the saturation adsorption capacity of the 
adsorbent for Cr(VI). By using more PEI during synthesis, more amino 
groups adhered to the EC-alg bead surface through cross-linking. 
Therefore, the total adsorption of Cr(VI) tended to increase when the 
amount of PEI was increased to 3.0 g from 0.5 g. Total Cr(VI) adsorption 
exhibited an increasing trend, however, when the amount of PEI was 
added from 3.0 g to 5.0 g, the adsorption of Cr(VI) decreased slightly. 
This was probably because the EC-alg/PEI surface was too dense to 

expose the adsorption sites (amino or imino), making it difficult to bind 
to the metal ions (Yan et al., 2017). 

The adsorption of Cr(VI) by the beads increased with the initial 
concentration of Cr(VI), and the adsorption of EC-alg/PEI-3 was higher 
than that of the other PEI loadings at 769.2 mg g− 1. Therefore, EC-alg/ 
PEI-3 was selected for subsequent experiments. The parameter data 
calculated using the Langmuir and Freundlich models are presented in 
Table 1. 

Freundlich model equation: 

log qe = log KF +
1
n

log Ce (4)  

where qm is the maximum adsorption capacity (mg g− 1), qe is the 
equilibrium adsorption capacity (mg g− 1), Ce is the concentration of Cr 

Fig. 4. Adsorption of Cr(VI) by EC-alg/PEI-3 at different pH (a); Adsorption isotherm of Cr(VI) onto the EC-alg/PEI-0.5, EC-alg/PEI-1.5, EC-alg/PEI-3, EC-alg/PEI-4, 
and EC-alg/PEI-5 (b); Changes in the removal rate of Cr(VI) by EC-alg/PEI-3 with the initial concentration of Cr(VI) (c); Adsorption capacity variation in EC-alg/PEI- 
3 with the initial Cr(VI) concentration (d). 

Table 1 
Parameters of the Langmuir and Freundlich isotherms for EC-alg/PEI beads with 
different PEI contents. 
Ce

qe
=

1
qm

Ce +
1

KLqm
(2)  

RL =
1

1 + KC0
(3)    

Langmuir Freundlich 

PEI qmax KL RL R2 KF 1/n R2 

g mg g− 1 L mg− 1   mg g1   

0 70.4 0.015 0.200–0.800 0.891 7.7 0.354 0.922 
0.5 526.3 0.015 0.051–0.274 0.997 137.6 0.186 0.949 
1.5 645.2 0.032 0.024–0.260 0.996 74.8 0.343 0.989 
3 769.2 0.015 0.051–0.274 0.980 308.2 0.115 0.806 
4 588.2 0.041 0.019–0.121 0.994 366.9 0.064 0.941 
5 699.3 0.047 0.017–0.107 0.998 331.8 0.109 0.946 

Langmuir model equation. 
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(VI) in the adsorption equilibrium solution (ppm), KL is the adsorption 
equilibrium constant (L mg− 1), and KF is the adsorption capacity (g L− 1). 
RL is the Langmuir dimensionless constant separation factor. 

The amount of Cr(VI) adsorbed by EC-alg/PEI-3 increased with 
temperature (Fig. 4d). The maximum adsorption amounts obtained for 
EC-alg/PEI-3 using the Langmuir model were 714.3, 769.2, and 833.3 
mg g− 1 at 10, 25, and 40 ◦C, respectively. The remaining Cr(VI) con-
centration in solution after adsorption using EC-alg/PEI-3 was negligible 
at initial concentrations below 200 ppm (Fig. 4c), indicating several 
easily accessible adsorption sites for this highly efficient adsorption 
performance composite. The RL values obtained from the Langmuir 
model were in the range of 0–0.8, indicating that the sorption process 
occurred easily. The empirical constants 1/n calculated in the Freund-
lich model were in the range of 0.1–0.5, which is consistent with the 
conclusions drawn from the Langmuir model. From the R2 values in 
Table 2, both models are suitable for fitting the experimental data, 
indicating that the adsorption of Cr(VI) by EC-alg/PEI-3 is a complex 
process rather than simple single-layer adsorption or multiple 
adsorptions. 

The maximum adsorption capacity of gel beads at low and ambient 
temperatures is of interest when considering practical application sce-
narios for wastewater treatment. The maximum adsorption capacity of 
EC-alg/PEI-3 at 25 ◦C of 769.2 mg g− 1 was higher than many similar 
adsorbents in Table 3, whereas the maximum adsorption capacity at 
10 ◦C was only 55 mg g− 1 lower than that at 25 ◦C. This also indicates 
that EC-alg/PEI-3 has a wide useable temperature range and thus 
excellent prospects for practical applications. 

3.7. Adsorption kinetic 

The kinetics of Cr(VI) adsorption by EC-alg/PEI-3 was investigated 
based on the effect of contact time. 

As shown in Fig. 5a, at an initial Cr(VI) concentration of 200 ppm, 
the adsorption capacity reached 50% of the saturation adsorption ca-
pacity after 360 h, and the final adsorption equilibrium was reached at 
4380 h. At a Cr(VI) concentration of 1000 ppm, 82% of the maximum 
adsorption capacity was achieved within 24 h. It is probable that the 
higher concentration of Cr(VI) reduced the mass transport resistance of 
Cr ions at the interface and increased the effective contact area of the gel 
beads. This was same as the results shown in Fig. S1, where the RL value 
decreased with increasing initial Cr(VI) concentration, showing that Cr 
(VI) was more readily adsorbed at higher concentrations (Sun et al., 
2021). 

To understand the adsorption kinetics, the pseudo-first-order (PFO), 
pseudo-second-order (PSO), intra-particle diffusion and Boyd models 
were used. The parameter values calculated using the kinetic model are 
listed in Table 4. The R2 values obtained using the PSO kinetic model 
(0.996 and 0.999) were higher than those obtained using the PFO kinetic 
model (0.944 and 0.913). Furthermore, the PSO model using the qe 
values obtained was closer to the model generated in the experiment. 
This suggests that Cr(VI) sorption by EC-alg/PEI-3 is mainly controlled 
by chemical interactions rather than material transport (Zhao et al., 
2021) (see Table 5). 

Pseudo-first order (PFO): 

ln(qe − qt)= ln(qe) − K1t (5) 

Pseudo-second order (PSO): 

t
qt
=

1
K2q2

e
+

1
qe

t (6) 

Intra-particle diffusion (IPD): 

qt =Kit1/2 + C (7) 

Boyd model: 

ln
(

1 −
qt

qe

)

= ln
(

6
π2

)

−

(
D
r2

)

π2t (8)  

where qe is the adsorption capacity at equilibrium (mg g− 1), qt is the 
adsorption capacity at the contact time t (mg g− 1), t is the contact time 
(min), and K1 (min− 1) and K2 (g mg− 1 min− 1) are the rate constant of 
pseudo first-order and second-order adsorption. D (cm2 s− 1) is the 
effective liquid film diffusion coefficient of the sorbents and r (cm) is the 
radius of the EC-alg/PEI-3 beads (0.1 cm). 

During adsorption, heavy metal ions first move from the solution to 
the outer surface of the adsorbent (membrane diffusion), then from the 
surface to the interior of the adsorbent (intra-particle diffusion) and are 
finally adsorbed in the internal structure of the porous adsorbent. Ac-
cording to Fig. 5b (see Table S1 for specific values), the adsorption curve 
is divided into three straight-line segments that do not pass through the 
origin, indicating the inclusion of the outer surface, transition phase and 
the final equilibrium phase. The diffusion rate constants are K1 > K2 >

K3 and did not pass through the origin, indicating that intra-particle 
diffusion was not the only rate-limiting step. Due to the instantaneous 
accessibility of the active binding sites on the EC-alg/PEI-3 surface, 
higher K1 values indicated faster adsorption rates in the initial phase. K1 
is significantly higher than K2 and Cr(VI) takes 120 min to diffuse 
through the outer surface and 480 min to diffuse through the film before 
entering the intra-particle diffusion step. In many cases, the adsorption 
kinetics can be controlled by both film diffusion and intra-particle 
diffusion (Kapur and Mondal, 2013). According to the Boyd model fit 
(Fig. 5e), the fitted line does not pass through the origin and the film 
diffusion coefficient is 10− 7 for both high and low concentrations, 
indicating that film diffusion is the main rate-limiting step (Öztürk., 
2014), followed by intra-particle diffusion, but other mechanisms such 
as surface chemisorption may also occur simultaneously (Huang et al., 
2018). 

3.8. Adsorption thermodynamics 

When the temperature rises within the studied temperature range, 
the amount of adsorption increases; therefore, a higher temperature is 
beneficial for adsorption. Therefore, the data at three temperatures (10, 
25, and 40 ◦C) were used to establish the thermodynamic parameters of 
the Cr(VI) adsorption process. 

ΔGo = − RT ln Kc = ΔH0 − TΔS0 (9)  

ln Kc =
ΔSo

R
−

ΔHo

RT
(10)  

where Kc is a parameter obtained by the Langmuir model, but since the 
units of KL in the Langmuir formula used are L mg− 1, it needs to be 
converted to L mol− 1, KC=KL✕1000✕MCr, and T is the temperature (K). 
Linear regression with T and ΔG0 was plotted to obtain ΔS0 and ΔH0 

based on the slope and intercept. 
The fitted coefficient of the Cr(VI) thermodynamic curve was greater 

than 0.95, indicating that the experimental and theoretical values were 
similar. The value of ΔG0 decreases with increasing temperature, indi-
cating a greater thermal driving force for the adsorption process of the 
composite. The positive value of the calculated ΔH0 (21.0 kJ mol− 1) 
shows the heat-absorbing nature of the adsorption process. The 
adsorption reaction due to chemisorption is usually associated with ΔH0 

Table 2 
Data for adsorption of Cr (VI) on EC-alg/PEI-3 at different temperatures.   

Langmuir Freundlich 

T qmax KL RL R2 KF 1/n R2 

(◦C) mg g− 1 L mg− 1   L mg− 1   

10 714.3 0.013 0.058–0.310 0.985 189.8 0.179 0.966 
25 769.2 0.015 0.051–0.274 0.980 308.2 0.115 0.806 
40 833.3 0.030 0.026–0.160 0.989 453.5 0.102 0.918  
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in the range of 20–400 kJ mol− 1, as reported by Zhang et al. (2018). The 
value of ΔH0 in this study indicates that the adsorption is mainly 
controlled by chemisorption. For an endothermic reaction, ΔH0 <

T✕ΔS0 if the reaction can proceed spontaneously (Saad et al., 1995). 
During the adsorption of Cr(VI) on EC-alg/PEI-3, the quotient of T✕ΔS0 

was more positive than ΔH0, and the reaction could proceed 

spontaneously. During this reaction, the slightly positive ΔS0 could 
originate from the energy redistribution between the adsorbate and the 
adsorbent. During the adsorption process, the structure of adsorbate and 
adsorbent molecules changes, and part of Cr(VI) is reduced to Cr(VI) or 
replaced with water molecules on the adsorbent surface to obtain 
additional transition entropy, which makes the system randomness in-
creases (Gaurav et al., 2017). This part of the transition entropy increase 
may be slightly larger than the value of the entropy decrease caused by 
the adsorption of Cr(VI) by EC-alg/PEI-3, making the total entropy value 
of the system slightly positive. 

3.9. Removal of Cr(VI) from electroplating wastewater by EC-alg/PEI-3 

The actual electroplating wastewater chosen for this study had a pH 

Table 3 
Comparison of adsorption capacities of adsorbents for the removal of Cr(VI).  

Adsorbent Temperature 
◦C 

Adsorption Capacity mg g− 1 Wastewater treatment Reference 

UiO-66@/alginate beads 25 20.0 No Daradmare et al. (2021) 
Cr ion-imprinted polymer beads 25 250 ± 0.5 Yes Elsayed et al. (2022) 
PEI- INDION PA 800 beads 25 100.0 No Verma et al. (2022) 
Hollow PEI/carboxymethyl cellulose beads 25 535.39 No Yang et al. (2021) 
Nano iron oxides impregnated chitosan beads 25 92.04 No Lu et al. (2021) 
algal/alginate@PEI beads 25 380.0 No Zhang et al. (2021) 
Fe3O4/ZIF67@ aminated chitosan beads 25 119.05 No Omer et al. (2021) 
magnetic kaolin embedded chitosan beads 25 144.0 No Liu et al. (2021) 
triethylenetetramine-chitosan/alginate beads 25 291.3 No Sharma et al. (2022) 
EC-alg/PEI-3 25 769.2 Yes This work  

Fig. 5. Change in the adsorption capacity of EC-alg/PEI-3 with time(a); Intraparticle diffusion model for Cr(VI) adsorption on EC-alg/PEI-3 (b); Adsorption kinetics 
modeled with the pseudo-first-order equation (c) and Pseudo-second-order equation (d); Boyd model of EC-alg/PEI-3(e); Thermodynamic fitting curve of EC-alg/PEI- 
3(f). 

Table 4 
Kinetic parameters of EC-alg/PEI-3 on Cr(VI).   

Intra-particle diffusion model Boyd model 

Cr(VI) K1 R1
2 K2 R2

2 K3 R3
2 D R2 

ppm mg g− 1 min− 1/2  mg g− 1 min− 1/2  mg g− 1 min− 1/2  cm2 s− 1  

200 13.2 0.997 5.3 0.976 2.3 0.975 2.03✕10− 7 0.967 
1000 16.6 0.827 11.9 0.959 2.0 0.932 5.07✕10− 7 0.947  

Table 5 
Thermodynamic parameters of EC-alg/PEI-3 on Cr(VI).  

Temperature(◦C) ΔG0 kJ mol− 1 ΔH0 kJ mol− 1 ΔS0 k J K− 1 mol− 1 

10 − 15.3 21.0 0.13 
25 − 16.5 
40 − 19.1  

Y. He et al.                                                                                                                                                                                                                                       



Journal of Cleaner Production 373 (2022) 133790

8

of approximately 2.4 and the concentration of Cr(VI) is about 216.2 ppm 
with complex composition. The main components were TN, COD, SO4

2− , 
Cl− , Ni2+, Na+ and Cu2+, with concentrations of 61.3, 114, 646, 416, 
47.6, 168, 19.6 ppm. To investigate the inhibitory effect of the presence 
of other components in the wastewater, a Cr(VI) solution was prepared 
with DI water at the same concentration as the Cr(VI) solution in the 
electroplating wastewater. At a solid-to-liquid ratio of 0.4 g L− 1, EC-alg/ 
PEI-3 adsorbed 398.5 mg g− 1 of Cr(VI) in the absence of competing ions. 
In the actual waste stream, EC-alg/PEI-3 adsorbed 307.6 mg g− 1 of Cr 
(VI), which was approximately 77.2 % of the adsorption capacity in the 
absence of competing ions. The removal of Cr(VI) from the wastewater 
by EC-alg/PEI-3 was 94% when at dosage of 1 g L− 1, and when the 
dosage was increased to 1.4 g L− 1, the Cr(VI) concentration in the actual 
wastewater treated with EC-alg/PEI-3 was reduced to 0.041 ppm 
(Fig. 6b), which could meet the Chinese discharge requirements for in-
dustrial Cr(VI) wastewater. 

3.10. Desorption experiments 

The regenerative capacity of an adsorbent is an important parameter 
in practical applications. Adsorption of Cr(VI) by EC-alg/PEI-3 
decreased with the number of cycles, with the adsorption amount 
starting at 318 mg g− 1 in the first experiment, 260.3 mg g− 1 in the 
second, and 148 mg g− 1 in both the fifth and sixth experiments (Fig. 6a). 
This was probably due to the reduced number of amine groups and 
active sites in EC-alg/PEI-3. Notably, the bead structure was intact, 
indicating that beads had excellent mechanical properties and could be 
reused. 

3.11. Adsorption mechanism of EC-alg/PEI-3 for Cr(VI) 

In the SEM-EDS elemental mapping, Cr was uniformly distributed in 
the gel beads after adsorption of Cr(VI), visually proving that Cr was 
effectively adsorbed. First, under acidic conditions, the XPS map shows 
the appearance of protonated amino acid peaks on the surface of the EC- 
alg/PEI-3. After Cr(VI) adsorption, the protonated amine peak dis-
appeared, indicating a clear electrostatic attraction between the Cr(VI) 
anion and the protonated amine. Second, after the adsorption of Cr(VI), 
new energy bands were observed (Fig. 3c), at 586 eV and 576 eV in the 
XPS pattern, which was formed by Cr2p1/2 and Cr2p3/2, indicating the 
presence of both Cr(VI) and Cr(III) in the adsorbed gel beads. At the 
same time, the XPS results indicated a shift in C–O and C=O, suggesting 
that carbon-oxygen groups are involved in the reduction of Cr(VI) to Cr 
(III) and that 530.2 eV is followed by a new peak Cr–O that may 
represent the possible binding of chromium to oxygen-containing 
groups (Kwak et al., 2020). The FTIR results showed that –CH, –CH2, 
and –OH reduced Cr(VI) to Cr(III). To confirm that 25.7% of Cr(VI) was 
reduced to Cr(III) following EC-alg/PEI-3 adsorption, ICP-OES and UV 
spectrophotometry were used. This proves that redox reactions are 
essential for the adsorption of EC-alg/PEI-3. BET and SEM results 

showed that the EC-alg/PEI-3 gel beads had a rich 3D pore structure. In 
Fig. S2, the adsorption of the EC-alg/PEI powder was lower than that of 
the EC-alg/PEI-3 beads when the same material was used. This suggests 
that the multi-cavity structure of the alginate gel aids in the diffusion of 
Cr(VI) in the adsorbent material. 

According to these analyses, the adsorption mechanism of Cr(VI) by 
EC-alg/PEI-3 can be speculated as follows. (1) Under acidic conditions, 
the amino groups on EC-alg/PEI-3 exist in the protonated form, and the 
negatively charged Cr(VI) anions are attracted to each other using 
positive and negative charges, leading to rapid adsorption of Cr(VI) by 
EC-alg/PEI-3 (Bao et al., 2020). (2) The surface amino group and in-
ternal hydroxyl group of EC-alg/PEI-3 acted as electron donor groups to 
reduce Cr(VI) to Cr(III) (Huang et al., 2022; Kwak et al., 2020), and the 
reduced Cr(III) was subsequently immobilized on the adsorbent surface 
by in situ chelation with N-containing groups. 

− NH+
3 + HCrO−

4 → − NH+
3 …HCrO−

4 (11)  

Cr2O2−
7 + 6e− + 14H+→2Cr3+ + 7H2O (12)  

HCrO−
4 + 3e− + 7H+→Cr3+ + 4H2O (13)  

R − NH2 + Cr3+→R − NH2…Cr3+ (14)  

4. Conclusions 

In this study, separable core-shell structured EC-alg/PEI-3 composite 
gel beads were prepared for the removal of Cr(VI) from water. At pH 2.0, 
the EC-alg/PEI-3 gel beads showed a maximum adsorption capacity of 
714.3 mg g− 1 at 10 ◦C and 769.2 mg g− 1 at 25 ◦C. When treating actual 
electroplating wastewater with a complex composition, EC-alg/PEI-3 
was less influenced by other components during adsorption and had 
an excellent anti-disturbance performance. In summary, EC-alg/PEI-3 is 
a promising adsorbent owing to its simple preparation process for mass 
production and ease of water separation, and it can be used for the 
treatment of specific industrial wastewaters. 
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