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ABSTRACT 

Water pollution is the most challenging issue facing mankind nowadays as a result of ever-

increasing population and steadily improving life standards. More and more wastewater 

without effective treatments is arbitrarily discharged into the aquatic environment, which 

causes irreversible damage and incalculable loss. Especially, the industrial wastewater 

containing heavy metal ions, such as copper (Cu), cobalt (Co), and manganese (Mn), are 

toxic to human and living organisms even at low concentrations. A highly efficient and 

selective removal method has been long sought for heavy metal ions wastewater treatment. In 

this study, a highly monodispersed polyethylenimine-chitosan (PEI-CS) biosorbent, 

synthesized by an integrated process with facile microfluidic emulsion, chemical crosslinking, 
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solvent extraction and chemical modification, was used as an efficient adsorbent to remove 

heavy metal ion from contaminated water. The as-prepared biosorbents demonstrated ultra-

high adsorption capacity of 146 mg g-1 towards Cu ions, almost triple the performance 

reported in literature. Besides, PEI-CS biosorbents were also endowed with good mechanical 

strength, excellent adsorption selectivity towards targeted ion in the presence of other metal 

ions with different valence states, and high reusability. Therefore, the newly developed PEI-

CS biosorbents is a highly promising candidate for wastewater treatment with heavy metal 

ions. 

 

Keywords: Wastewater treatment; heavy metal adsorption; microfluidics; chitosan 

biosorbents; polyethylenimine functionalization. 

 

1. Introduction 

With the rapid development of the economy and the lasting improvement of the 

modernization, large quantities of wastewater containing complex multi-components have 

become an ecotoxicological hazard. Especially, heavy metal contaminants, distinguished 

from organic pollutants[1], can hardly be biodegraded and will gradually accumulate in living 

organisms which may cause serious environmental and health problems[2-5]. Untreated and 

partially treated wastewater from agriculture (redundant fertilizers and pesticides), metallurgy 

(mining and smelting) and energy sectors (power plants and battery manufacture) currently 

containing several heavy metal ions is directly discharged into aquatic environments which 

contributed significantly to such severe ecological and environmental issues[6].Toxic metals 

including Co, Mn, and Cu pose serious and irreversible damages to human beings such as 

nervous system disorders, chronic and acute poisoning and the loss of organ functions[7-9]. 
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The elimination of toxic metal ions from contaminated water prior to discharge is 

consequently in great demand. Various approaches including chemical precipitation[10], 

electrochemical reaction[11], membrane filtration[12-16], ion-exchange[17, 18], reverse 

osmosis and adsorption[19-22] have been established for wastewater treatment. Among them, 

adsorption emerged as the most promising method due to its versatility, wide applicability, 

economic feasibility, and low toxic with no by-products generation[23-31]. 

Natural sorbent sand bio-sorbents including activated carbon[32] and chitosan[33, 34] 

are widely available at low cost but they usually exhibit non-selective adsorption capacities 

and poor mechanical properties. On the other hand, engineered (nano)materials[35-37] (i.e. 

polymers) have demonstrated superior adsorption performance with controllable properties 

but always associated with much higher cost and a larger environmental footprint. In this 

study, an advanced strategy to engineer biosorbents has been developed aiming to combine 

advantages from both natural and engineered materials. A new biosorbent based on chitosan 

was synthesized using a facile and reliable targeted surface modification and 

functionalization process, showing outstanding advantages of cost-competitiveness, 

efficiency and reliability in heavy metal wastewater treatment applications.  

Chitosan (CS), originated from chitin deacetylation is the unique alkaline 

polysaccharide and widely distributed second only to cellulose in the natural world, 

exhibiting various excellent physicochemical properties including being nontoxic, 

biocompatible and biodegradable[38, 39]. However, chitosan is very sensitive to 

environmental pH change and can easily form gels or dissolve in wastewater, which hinders 

its practical applications[40]. With the rapid development of microfluidic technology, 

chitosan crosslinked microparticles derived from microfluidic emulsions have been recently 

reported as promising heavy metal adsorption materials[41, 42]. The precise control of 

particle morphology featured with highly monodispersed, controllable sizes and various 
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structures provides CS biosorbents with additional adsorption capacity and robustness. 

However, the microfluidic platform still fails to produce optimum sorbents for selective 

adsorption of heavy metals. To date, the highest heavy metal (Cu2+) adsorption capacity for 

microfluidically synthesized CS biosorbents was reported to be 52 mg g
-1 

[42], with large 

room for further improvements. Moreover, no work has been done so far to study the 

mechanical strength of microfluidic-synthesized adsorbents to fulfill the requirement of 

practical industrial processes, especially, in consideration of balancing mechanical strength 

with adsorption capacity. Besides, there is also a lack of the exploration to the adsorption 

mechanism and performance optimization for selectivity and reusability. 

To fulfill this research gap, a facile engineering process integrating chemical 

crosslinking, solvent extraction and functional group grafting has been developed in this 

study to realize the performance optimization base on microfluidic emulsion. We successfully 

synthesized highly monodispersed PEI-CS biosorbents (CV < 2.5%) based on the newly 

developed integrated process (Fig. 1). The new functionalized biosorbents are featured with 

ultra-high adsorptive performance (146 mg g
-1

) towards Cu ions, which was almost triple the 

best literature reported performance (52 mg g
-1

) for CS biosorbents [42]. It also exhibited an 

unprecedented mechanical strength (0.34 MPa), comparable with commercial artificial 

polymers and superior to most natural sorbent materials. The PEI-CS biosorbents also show 

an excelling selectivity (up to 94.7 %) towards targeted Cu ions and outstanding regeneration 

properties. 

 

2. Experimental section 

2.1 Materials 

The starting material was medium molecular weight chitosan (85 % deacetylated), 

purchased from Aladdin-Biochemical Technology Co., Ltd. n-Octane, n-octanol, acetone, 
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epoxy chloropropane and isopropyl alcohol were purchased from Lingfeng Chemical Reagent 

Co., Ltd., without further purification. Ethanol was purchased from Titan Scientific Co., Ltd. 

Polyethylenimine (PEI) solution (50 %) was purchased from Sigma-Aldrich. Span 80, acetic 

acid, ethylene diamine tetraacetic acid (EDTA), CuCl2·2H2O, CoCl2·6H2O, MnCl2·4H2O, 

NaCl, and AlCl3·6H2O were purchased from Sinopharm Chemical Reagent Co., Ltd. All 

metal ion solutions were prepared in deionized water. Glutaraldehyde (50 %) was purchased 

from Aladdin-Biochemical Technology Co., Ltd. Gluraraldehyde was pre-extracted under 

n-octanol to obtain the gluraraldehyde saturated n-octanol solution at room temperature for 

10 h before use. All reagents were analytical grade and used as received. Deionized distilled 

water was used throughout the experiments.  

 

2.2 Biosorbent synthesis 

2.2.1 CS biosorbents 

The synthesis process of CS biosorbents is schematically shown in Fig. 1a. An aqueous 

polymer solution prepared by adding 4 wt% chitosan in 2 wt% acetic acid was used as the 

dispersed phase in our experiments to synthesize chitosan emulsion templates. The dispersed 

phase was continuously stirred until chitosan was thoroughly dissolved, and utilized after 

several filtrations and vacuum degassing. The continuous phase was n-octanol added with 2 

wt% Span 80 serving as stabilization. Via adjusting the velocities of continuous phase and 

dispersed phase, a series of chitosan emulsion templates with a certain size were firstly 

generated at the flow-focusing geometry of a microfluidic chip (see SI Fig. S1) under the 

shearing force from both sides. 0.5 wt% Gluraraldehyde saturated n-octanol solution mixed 

with n-octane was used as crosslinking reagent for solidification. Besides, 2 wt% Span 80 

was also added to the crosslinking reagent for the stabilization of chitosan emulsion templates. 

Subsequently, as-synthesized emulsion templates were collected and crosslinked in the 
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solidification bath, where Schiff-base type chemistries took place between -CHO of 

glutaraldehyde and -NH2 of chitosan. Fig. 1b schematically depicts the crosslinking reaction 

process. CS biosorbents were then thoroughly washed with acetone, ethanol and deionized 

water successively before the final drying at 40 °C for 3 h. 

 

 

Fig. 1. (a) The overview of the synthesis process of PEI-CS biosorbents and batch adsorption 

experiments; (b) Schematic crosslinking reaction process; (c) Schematic PEI group graft 

process. 

 

2.2.2 PEI-CS biosorbents 

To synthesize PEI-CS biosorbents, as-prepared CS biosorbents were then grafted with 

PEI groups by chemical modification processes[43] as shown in Fig. 1a. Meanwhile, Fig. 1c 

depicts the PEI group graft process. Firstly, as-synthesized CS biosorbents were washed with 

an aqueous solution containing 50 wt% isopropyl alcohol three times and then suspended in 

isopropyl alcohol. CS biosorbents were transferred into a beaker containing isopropyl alcohol 
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with 0.5 wt% epoxy chloropropane. The reaction was carried out at 50 °C for 2 h 

accompanied by gentle stirring, followed by washing with excess deionized water before 

being well mixed in 50 wt% PEI aqueous solutions at 80 °C for 3 h under constant stirring. 

Eventually, PEI-CS biosorbents were thoroughly washed with deionized water and dried at 

40 °C for 2 h. 

 

2.3 Material characterization analysis 

2.3.1 Optical measurements 

The morphology investigation of emulsion templates, CS biosorbents and PEI-CS 

biosorbents were first carried out using an optical microscope (AZ100, Nikon, Japan). 

Particle monodispersity was defined utilizing coefficients of variation (CV), which can be 

calculated according to the following equation: 

CV = �∑ ���	�
������(�	�)���� �
�

�
���� × 100%                                            (1) 

where Di is the diameter of each emulsion template or biosorbent and ������ is the average 

diameter of emulsion templates or biosorbents. In this work, same sampling numbers were 

employed for the two types of biosorbents as 600. Not only the surface, but also the internal 

structure of the biosorbents were detailed as observed by scanning electron microscope (SEM, 

HITACHI-S3400N, HITACHI, Japan). To get the composition information of various 

biosorbents and further exploring the effect of crosslinking degree on their final adsorption 

capacity, Fourier transform infrared spectroscopy (FTIR, Nicolet 6700, Fisher, USA) was 

utilized to find out different functional groups and their characteristic peak changes in 

crosslinking process. The tested wavelengths range was 500 - 4000 cm
-1

. 

 

2.3.2 Mechanical property tests 
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Mechanical strength is one of critical parameters of absorbent. In this study, 60 samples 

of the two types of biosorbents were chosen randomly and then tested individually using a 

force gauge (HPB, capacity 50 N, Handpi Instruments Co., Ltd, Yueqing, PR China) with 

increasing static pressure until biosorbents rupture to obtain their average mechanical 

strengths. 

 

2.3.3 Energy dispersive X-ray spectroscope analysis 

PEI-CS biosorbents and CS biosorbents were also analyzed by energy dispersive X-ray 

spectroscopy (EDX, HITACHI-S3400N, HITACHI, Japan) to reveal the distribution of 

different elements, such as, Cu, nitrogen (N), sodium (Na), aluminum (Al), etc., not only on 

the surface, but also inside (cross-section) of single biosorbent after adsorption equilibrium. 

 

2.4 Batch adsorption studies 

Cu ions (with initial concentration of 400 ppm) were adopted as a model contaminant to 

study the adsorption performance of the newly developed material (Fig. 1a). In terms of pH 

effect of aqueous solutions on amine groups protonation, especially for PEI-CS biosorbents 

rich in amine groups, subsequent adsorption experiments were performed at pH = 5.5 unless 

otherwise stated (see SI Fig. S3). CS biosorbents without PEI functionalization were also 

prepared and tested in the adsorption experiments for performance comparison. More 

experimental details can be found in the SI. 

 

2.5 Desorption experiments 

In desorption studies, 0.5 mol L-1 or 0.25 mol L-1 NaOH solution containing 1.5 wt% 

EDTA were used as the desorption solution. The desorption experiments were performed in 

duplicate and described as follow: the biosorbents, obtained after adsorption balance with the 
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same initial Cu ions concentration of 400 ppm, were firstly filtered from the suspension, 

rinsed with excess deionized water in order to remove Cu ions not adsorbed on biosorbents, 

and then placed in the desorption solution with gentle stirring. After entire desorption, the 

biosorbents were finally washed with excess distilled water before being dried at 40 °C for 2 

h. 

 

2.6 Regeneration studies 

The biosorbents obtained after desorption procedure were repeated in the same way as 

that in the adsorption experiments to test their reusability. And the readsorption efficiency 

(��) of the biosorbent can be calculated as follow: 

R� = � ,"#$
�"#$ × 100%                                                      (2) 

where %&,'()  is the maximum adsorption capacity determined by the readsorption 

experiment. This adsorption-desorption cycle was repeated five times. 

 

3. Results and discussion 

3.1 Materials characterization 

Optical micrographs of chitosan emulsion templates and as-prepared PEI-CS 

biosorbents are shown in Fig. 2a and b, respectively. A remarkable size uniformity, high 

monodispersity and outstanding spherical morphology was presented owing to the advantages 

of microfluidics technology. The average diameters of chitosan emulsion templates after 30 

min crosslinking and as-prepared PEI-CS biosorbents were 940 µm and 378 µm, respectively. 

The biosorbents shrank during solidification process as a result of water extraction in the 

presence of n-octanol. The monodispersity in as-synthesized emulsion templates and 

biosorbents were only 0.27 % and 2.3 % (see SI Fig. S2c and d), respectively, considerably 

lower as compared to those of biosorbents synthesized by conventional methods including 
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stirring (CV > 10%) and membrane (CV ~ 10%). With a reasonable control of two phase 

velocities, crosslinking time and drying condition, chitosan emulsion template sizes could be 

easily adjusted (for details, see SI Fig. S2a and b). Fig. 2c and d compares the surface color of 

CS biosorbents and PEI-CS biosorbents after adsorption equilibrium. The CS biosorbents 

(Fig. 2c) turn from reddish brown to dark green, while a layer of light blue powder is found 

attached on the surface of PEI-CS biosorbents (Fig. 2d), completely different from its initial 

reddish brown color (Fig. 2b). These findings indicated that different adsorption 

characteristics were involved for PEI-CS and CS biosorbents. 

The material morphologies were further characterized by SEM images. Fig. 2e and f 

show the surface and inner structures of CS biosorbents, demonstrating their solid spherical 

structures. Moreover, as shown in Fig. 2g and h, the PEI functionalization process has 

significantly changed the surface properties and texture of the biosorbents as a layer of 

obvious attachments on the surface can be observed due to grafting of PEI functional groups. 

Comparing the surface morphologies of two kinds of biosorbents (Fig. 2e and g), the 

increased surface roughness of PEI-CS biosorbents may provide more adsorption sites for Cu 

ions. 

 

Fig. 2. Optical micrographs of (a) chitosan emulsion templates with crosslinking time 30 min 

and (b) PEI-CS biosorbents; Optical micrographs of (c) CS biosorbents and (d) PEI-CS 

biosorbents after adsorption equilibrium; The SEM micrographs of (e) the surface and (f) 
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inner structures of a CS biosorbent, (g) the surface of a PEI-CS biosorbent and (h) a certain 

amount of PEI-CS biosorbents. The scale bar of insert images in (e) - (g) is 20 µm. 

 

3.2 Ultra-high adsorption capacity 

The adsorption kinetics of Cu ions by CS and PEI-CS biosorbents are compared in 

Fig. 3a. The final adsorption capacity of PEI-CS biosorbents was 146 mg g
-1

, which was 

almost twice as high to those of common CS biosorbents, under otherwise identical sorption 

conditions. The record-breaking capacity obtained here for PEI-CS biosorbents was also 

almost triple the performance (52 mg g
-1

) reported in literature for CS biosorbents[42]. The 

maximum adsorption capabilities of both natural or artificial adsorbents reported in previous 

studies under the optimized condition are summarized and compared with as-prepared PEI-

CS biosorbents in Table 1. Moreover, PEI-CS biosorbents also showed significantly faster 

kinetics than CS biosorbents, as it took about only 64 h to reach equilibrium, compared to 

144 h for the case of CS biosorbents. It should be mentioned that the saturated adsorption 

time of as-prepared bisorbents was still longer than the typical saturation time of similar 

chitosan adsorbents (20 to 100 h) as a result of their non-porous solid spherical structures [42, 

44]. The adsorption kinetics of both CS and PEI-CS can be well fitted to pseudo-second order 

model, since the correlation coefficient (R
2
) of both fittings are larger than 0.99. Moreover, 

the adsorption rate constant k of pseudo-second model was 8.73×10
-5 

g mg
-1

 min
-1

 for PEI-CS 

biosorbents much larger with respect to those of CS biosorbents (5.96×10-5 g mg-1 min-1). 

More details can be found in SI, Table S1. 

 

Table 1 Comparison of maximum adsorption capacity for Cu ions using various adsorbents 

Adsorbents 

Adsorption 

capacity  

(mg g-1) 

Functional groups Ref 

Nature materials    
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Cankırıbentonite (natural clay) 40 NA [45]  

Pomegranate peel 8
a
 NA [46]  

Sunflower stalks 29.3 Coulomb interactions [47]  

Tourmaline 78.86 
Electrostatic 

interactions 
[48]  

Montmorillonite 4.06
a
 Surface group [49]  

Bamboo charcoals 16.34 
Oxygen functional 

groups 
[50]  

Granular activated carbon 17 Na [51]  
Palm shell activated carbon 1.581 Sulphate groups [52]  

Graphene oxide (GO) 32 
Oxygen functional 

groups 
[53]  

Artificial materials    
Nitrogen-functionalized graphene oxide 

(GO-TETA-MA) 
48.64 

Amine and oxygen 

functional groups 
[53]  

COOH-hybrid carbon nanocomposites 63 
Oxygen functional 

groups 
[51]  

PVA and carboxymethyl cellulose 

composite hydrogels 
5.5 

Hydroxyl and 

carboxyl groups 
[54]  

Magnetic cellulose-based beads 47.64 Electrostatic attraction [55]  

Calcium-alginate encapsulated magnetic 

sorbent 
63 Electrostatic attraction [56]  

Thiosalicylhydrazide-poly acrylic acid -

coated Fe3O4 magnetic nanoparticles 
76.9 

Amine and sulfur 

binding sites 
[57]  

Magnetic calciumalginate/maghemite 

hydrogel beads 
159.24 

Carboxylic and amine 

groups 
[58]  

Anisotropic layered double hydroxide 
nanocrystals@carbon nanospheres 

19.93 Hydroxyl groups [59]  

Mesoporous titania beads 8.4 Electrostatic attraction [60]  

Functionalized Nature materials    

Chitosan functionalized with 2-
pyridinecarboxaldehyde 

104.32 Pyridine groups [61]  

Chitosan functionalized with 4-
pyridinecarboxaldehyde 

45.44  Pyridine groups  [61]  

Tartaric acid modified rice husk 31.85 Na [62]  

Chitosan microspheres 52 Amine groups [42]  

Porous chitosan-poly(acrylic acid)-

glutaraldehyde microspheres 
72 Amine groups [42]  

Electrospun chitosan/polyethylene oxide 

(PEO) nanofibres 
100 Amine groups [63]  

N-(2-Carboxybenzyl) grafted chitosan 

beads 
293 

Carboxyl and amine 

free groups 
[64]  

CS biosorbents 75.52 Amine groups 
This 

work 

PEI-CS biosorbents 145.92 Amine groups 
This 

work 

Note: a Read from the figures.  
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Additionally, the adsorption isotherm curves are plotted and fitted them with 

Langmuir equation in Fig. 3b. The calculated largest adsorption capacities of PEI-CS 

biosorbents and CS biosorbents were 157 mg g-1 and 80 mg g-1, with R2= 0.990 and 0.998, 

respectively, also close to the experimental results. All results indicated that the Cu ions 

adsorption process can be well described by Langmuir's adsorption model. Once the 

adsorption sites were saturated, the adsorption capacity will not increase anymore. 

 

3.3 High selectivity towards targeted ion 

In actual contaminated water, the presence of various metal ions or even soluble 

chelates can poison the adsorbent. Therefore, selective contaminant removal will be highly 

important for practical applications. The effect of the presence of different metal ions with 

various valence states (i.e., Na+ and Al3+) on Cu2+ removal by PEI-CS was subsequently 

investigated. Na ions and Al ions are of particular interest as they are abundant in natural 

water sources (such as sea, river and mineral water). The selectivity of CS materials has also 

been analyzed for comparison. 

In the selective adsorption experiment, different conditions of solution were adopted 

(e.g. 400 ppm Cu
2+

 with 400 ppm Na
+
 and/or Al

3+
; and 100 ppm Cu

2+
 with 400 ppm Na

+
 

and/or Al
3+

). Results are shown in Fig. 3c. Generally, both CS-based materials showed good 

selectivity towards Cu
2+

 adsorption in all cases, in agreement with previous literature 

reports[42] since the amine groups have good affinity toward Cu ions and can form stable 

metal chelates. PEI-CS exhibited additionally improved selectivity at the same concentration 

(400 ppm) of Na+, Al3+ and Cu2+ in solution, reaching 94.7 % (much higher than that of CS, 

86.8 %). Under more extreme conditions (100 ppm Cu2+
 vs. 400 ppm Na+ or Al3+ in solution), 

the selectivity of PEI-CS biosorbents towards Cu ions could be still over 83.8 % as compared 

to 65.7 % for CS. 
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Fig. 3. (a) The typical adsorption kinetics; (b) The linear fitting curves of Langmuir equation; 

(c) Selective adsorption. 

 

3.4 Mechanical properties 

Mechanical strength is another important parameter of absorbents, critical for both the 

adsorption and separation procedure. For examples, stirring reactors are widely used for 

accelerated mixing between sorbents and pollutants, while hydro-cyclones are convenient for 

rapid industrial solid-liquid separation[65]. If the absorbents enriched with toxic metal ions 

break up in either procedure, it could cause serious secondary pollution. The mechanical 

strength of as-prepared biosorbents is the capacity to resist external static pressure and remain 

relatively stable which mainly depends on the crosslinking structure and compactness. Fig. 4a 

schematically describes the mechanical property test process. We found that clean processes 
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make a significant difference. CS biosorbents, directly dried after crosslinking without 

cleaning, turned into powder easily in line with brittle crush regulars. Instead, CS biosorbents 

subjected to thorough washing exhibited plastic deformation properties, that is, flattening 

firstly, and then gapped in the most vulnerable position. It is worth mentioning that PEI-CS 

biosorbents will directly gap while the flattened process was difficult to observe. 

The effect of crosslinking degree on mechanical property and adsorption capacity of CS 

and PEI-CS biosorbents are shown in Fig. 4b and c. It is found that the mechanical strength 

can be improved with increase in the crosslinking time. However, for CS biosorbent, showing 

in Fig. 4b, the adsorption capacity will be reduced in the process due to the consumption of 

amine groups and loss of porous structure. Such trade-off poses a limitation to the 

enhancement of mechanical strength of the biosorbent by increasing the crosslinking time. 

On the other hand, the PEI-CS showed better mechanical performance, as a result of multiple 

factors, including crosslinking degree by reaction, dehydration by n-octanol, and being dried 

twice in the integrated process. As shown in Fig. 4c, the mechanical strength of PEI-CS 

biosorbents reaches 0.368 MPa after 60 min crosslinking time. Such value is significantly 

higher than several natural sorbent materials which normally need additional skeletons in 

practical industrial processes, and comparable to some commercial engineering polymers 

(polymeric ionic liquid gel or ion exchange resin, 0.1 MPa - 0.21 MPa). More importantly, 

the adsorption capacity remained almost unchanged with the increase of crosslinking time, as 

it was dominated by the amount of grafted PEI groups rather than its crosslink degree. 
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Fig. 4. (a) Schematic mechanical strength tests; The effect of crosslinking degree on 

mechanical property and adsorption capacity of (b) CS biosorbents and (c) PEI-CS 

biosorbents. 

 

3.5 Mechanism of adsorption process 

In order to explore mechanisms towards ultra-high adsorption properties of the newly 

developed PEI-CS materials, EDX technology was employed to visualize the elements 

distribution of Cu on the surface and interior (cross-section) of PEI-CS and CS biosorbents 

after the adsorption equilibrium (Fig. 5a-d). Here, the Cu element distribution reflects the 

physicochemical interactions during adsorption and local adsorption capacity within the 

single particle. It is found that the Cu enrichment intensity is much higher at the PEI-CS 
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surface than that at CS surface after reaching adsorption equilibrium. It also indicated that 

different adsorption characteristics were involved. In this regard, the adsorption sites on the 

surface of PEI-CS biosorbents can be divided into two kinds: the remaining free amine 

groups on the chitosan molecules after the crosslinking process and the synergy between the 

remaining amine groups on the chitosan molecules and the additional amine groups provided 

by PEI groups. 

However, the amount of Cu element distributions inside the two types of biosorbents 

show no significant difference. The results indicated that the PEI-CS biosorbents own better 

adsorption ability toward Cu ions because of the PEI functional group at the surface, which 

provides much more adsorption sites for Cu ions chelating. The results were consistent with 

the N element distribution shown in Fig. S4, representing local amine group density. It also 

revealed that the surface process dominates the adsorption capacity of PEI-CS biosorbent, 

and its internal structure showed irrelevance to the performance. All the results confirm that 

the difference of the adsorption property between two kind of biosorbents can be ascribed to 

the difference in surface textural properties with various affinity towards Cu ions. 

To further analysis the mechanism of high selectivity towards Cu ions for PEI-CS 

biosorbents, the adsorbed element distributions on the single particle for Na, Al and Cu 

adsorption processes are comparatively shown in Fig. 5. Compared to Cu, much poorer 

affinity of Na and Al are observed at the surface of both PEI-CS and CS. Moreover, the 

response of Na and Al inside the biosorbents can hardly be detected (Fig. 5b3, d3, b4 and d4). 

It confirms that both the CS and PEI-CS biosorbents show selective adsorption capacity 

towards Cu in the presence of Na and Al. 

From previous analysis, it is confirmed that the amine groups on the CS-based 

biosorbents showed significant impact on the metal ion adsorption performance. Therefore, it 

is also important to study the amine group formation mechanism during the synthesis of PEI-
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CS materials. Fig. 5e depicts the FTIR spectra of chitosan powder, CS biosorbents and PEI-

CS biosorbents, in which the peaks at 3425 cm-1 were attributed to the stretching vibration of 

-OH, -NH, and intermolecular hydrogen bonding, and the peak at 1076 cm-1 responded to the 

stretching vibration of -C-O- in primary and secondary hydroxyl group. It is found that a new 

peak at around 1654 cm
-1 

related to the introduction of -C=N- was developed during the 

integrated processes of the CS-based materials, indicating that the Schiff-base reaction 

between -CHO of glutaraldehyde and -NH2 of chitosan was successful. Moreover, as shown 

in Fig. 5e, the decreasing intensity of characteristic peaks in the wavenumber range between 

1550 and 1750 cm
-1

 indicated that the grafted PEI groups greatly makes up the loss of free 

amine groups during the crosslinking process, resulting in the enhanced adsorption capacity. 

Fig. 5f further exhibits the FITR spectrum of CS biosorbents with different crosslinking times 

in the wavenumber range between 1550 and 1750 cm-1. The characteristic peak of -C=N- 

continuously declined with the increase in crosslinking time, indicating that the number of 

free amine groups is significantly reduced. It well explains the reason why the performance 

of unmodified CS biosorbent decreases with increase in crosslinking time, as shown in Fig. 

4b. Such trade-off can be effectively prevented by introducing the new engineering post-

processing to produce PEI-CS biosorbents. 
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Fig. 5. EDX analysis of (a) the surface and (b) interior of CS biosorbents, and (c) the surface 

and (d) interior of PEI-CS biosorbents; (e) Comparison of FTIR spectrum of original chitosan 

powder, CS biosorbents and PEI-CS biosorbents; (f) Local feature of FTIR spectrum of CS 

biosorbents with different crosslinking times. 
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3.5 Reusability 

For industrial applications, reusability is critical, and is therefore evaluated herein. In 

our study, desorption was performed in NaOH solution containing 1.5 wt% EDTA. Fig. 6 

shows the adsorption-desorption cycle performance of PEI-CS and CS biosorbents in 

different regeneration conditions. It is found that the NaOH concentration in the desorption 

process plays a crucial role to determine the readsorbance performance of the PEI-CS 

biosorbents. Under NaOH concentration of 0.5 mol L
-1

, RE of PEI-CS biosorbents decreased 

dramatically to 48.6 % within 3 cycles, and the readsorption capacity of PEI-CS biosorbents 

became similar to that of CS biosorbents. It indicates that the PEI functional group at the 

surface of biosorbents is not stable and will be consumed in alkaline environment with high 

OH- concentration. To improve the reusability, the desorption process was then optimized 

with reduced NaOH concentration at 0.25 mol L-1. Under this condition, the PEI-CS 

biosorbents show acceptable usability, as the RE is still higher than 71.2 % after 5 adsorption-

desorption cycles, of which the stability was almost comparable with the CS biosorbents 

(79.7 % RE at 5
th

 cycle). The results demonstrated that lower OH
-
 concentration is desired to 

maintain the reusability of PEI-CS material. Nevertheless, the NaOH concentration cannot be 

unlimitedly reduced, because a certain level of alkaline environment is needed to completely 

dissolve EDTA, the vital component of desorption solution. Therefore, although acceptable 

reusability of PEI-CS material has already been demonstrated, there is still large room to 

further optimize the desorption process for even higher adsorption-desorption cyclic 

performance. 
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Fig. 6. (a) The color changes of desorption solution after desorption process; (b) Maximum 

readsorbance and (c) Readsorption efficiency (RE) of biosorbents for 5 adsorption-desorption 

circulations.  

 

4. Conclusions 

PEI-CS biosorbents with highly monodispersed, good mechanical property, and 

unparalleled selective adsorption capacity were successfully synthesized by employing facile 

microfluidics emulsion technology and targeted functional groups modification. The PEI-CS 

biosorbents were demonstrated to efficiently remove toxic Cu ions from contaminated water 

and be superior to typical chelating polymer absorbents. Meanwhile, benefiting from great 

mechanical property, the Cu-loaded biosorbents can be rapidly separated by industrial 

separation approaches, such as hydro-cyclone, and keep intact and active during the whole 

procedure. Additionally, the absorbed metal ions could be desorbed in the alkaline EDTA 

solution in seconds, which is convenient for PEI-CS biosorbents reuse. More importantly, 

adsorption over PEI-CS biosorbents was found to be highly selective towards Cu ions in the 

presence of other ions such as Na and Al widely found in nature. Also, the as-prepared 

biosorbents exhibited good affinity towards other toxic metal ions, including Co ions and Mn 

ions (for details, see SI, Fig. S5). Benefit from economic and biocompatible substrate 

materials, coupled with facile synthesis and targeted modification approach, PEI-CS 
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biosorbents have great promise as an effective potential biosorbent for removal of toxic ions 

from contaminated water. 
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HIGHLIGHTS 

1. A facile microfluidic-based route to fabrication of PEI-CS biosorbents is 

reported. 

2. The PEI-CS biosorbents exhibit outstanding selectivity towards target metal 

ions in complicated condition. 

3. The PEI-CS biosorbents show ultra-high adsorption capacity towards Cu ions 

up to 146 mg g
-1

. 

4. The mechanical property of as-prepared PEI-CS biosorbents is over 0.34 

MPa.  

5. The readsorption efficiency is still higher than 71.2 % after 5 adsorption-

desorption cycles. 
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