
ORIGINAL PAPER

Development of functionalized carrageenan, chitosan and alginate
as polymeric chelating ligands for water softening

K. A. Ali1,2 • M. E. Hassan1,3 • M. M. M. Elnashar1,4

Received: 1 April 2016 / Revised: 17 January 2017 / Accepted: 21 February 2017

� Islamic Azad University (IAU) 2017

Abstract Chitosan, carrageenan and alginate are among the

most abundant biopolymers in nature. They were prepared in

uniform beads shape with a diameter of 2 mm ± 10%, using

the encapsulator for removal of calcium, magnesium and

iron cations from hard water. Solutions of 100–500 mg/L

were prepared from each cation, and the detection of cations

was carried out using atomic absorption spectrometer. Car-

rageenan and chitosan were able to chelate the three cations

without further modification. However, alginate beads suc-

ceeded to chelate iron and magnesium and failed to chelate

any calcium ions; in contrast, it increased the initial calcium

concentration! That could be due to the pre-cross-linking of

alginate beads using calcium chloride solution, which may be

leaked back to the solution. However, grafting the alginate

beads with polyethyleneimine and bromoacetic acid rectified

this problem and the new functional group, –COOH, has been

proved using the FT-IR. Optimization of the results in terms of

beads weight (0.25–3.0 g) and cations concentrations

(100–500 mg/L) has shown that most biopolymeric beads can

chelate 85–100% of the cations in concentrations up to

500 mg/L. According to our finding, we came up with the

recommendation to use chitosan for chelation of calcium and

iron as it showed 100% chelation efficiency of both cations,

whereas carrageenan is highly recommended for chelation of

iron and magnesium, as it showed 100 and 98% chelation

efficiency, respectively. Further work can be done on the

reusability of the beads and scale up for the industrial use.
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Introduction

Softening of ground water is an important process to provide

fresh drinking water in many places around the world. Like-

wise, seawater is composed of 96.7% water and 3.3% dis-

solved salts. The main seven elements (Na, K, Mg, Ca, Br, S

and Cl) account for 93.5% of the dissolved salts (Ohya et al.

2001). The presence of certain metal ions like magnesium, and

calcium principally as chlorides, sulfates and bicarbonates

causes a variety of problems. For example, hard water leads to

the buildup of lime scale, which promotes galvanic corrosion

and can foul plumbing. Magnesium and calcium are present in

reasonably high concentrations of 1.29–1.77 and 0.23–0.50 g/

L, respectively (El-Sayed et al. 2014). In addition to magne-

sium and calcium, iron can cause a lot of troubles even in small

quantities, as little as 0.3 ppm. Iron affects the tastes of bev-

erages and foods, can cause staining of flooring, sinks, fix-

tures, sinks and can contribute to the blockage of pipes. Thus,

iron removal is considered an imperative phase of water

treatment (Chaturvedi and Dave 2012). Many resins have

been developed to remove undesired cations from water such
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as Purolite SST60 via its sulfonic group and Lewatit Mono-

Plus TP207XL via its iminodiacetic acid (El-Sayed et al.

2014). Lewatit cation exchanger was used and adsorbed up to

110 mg/L Mg2? and 20 mg/L Ca2? (Muraviev et al. 1996).

Biopolymeric materials are naturally occurring polymers

used in different applications and recently received a great

attention (Elnashar 2011). They are used for valuable and

important applications because they have many features and

properties such as being renewable, non-toxic, biocompatible

and biodegradable. Furthermore, they are considered as low-

cost materials in comparison with some of the synthetic

materials (Ali et al. 2013; Elnashar 2010, Elnashar and Hassan

2014 and Elnashar 2011; Deans and Dixon 1992; Nazarudin

et al. 2011; Seki and Suzuki 1995; Jang et al. 1991). Car-

rageenan, chitosan and alginate are natural and biodegradable

biopolymers that are suitable for developing novel types of

materials containing different functional groups (sulfate,

amino and carboxylic acid, respectively) for different appli-

cations (Nah and Hwang 2007; Zhao et al. 2011).

The aim of this study is to use biopolymers such as

alginate, chitosan and carrageenan to chelate the calcium,

magnesium and iron from hard water. In addition, these

biopolymers are biocompatible, biodegradable and safer to

human. The three biopolymers were produced in uniform

beads shape using the encapsulator. The experiments were

optimized to remove the maximum concentration of

cations from hard water. Concentrations of Ca2?, Mg2?

and Fe2?/Fe3? before and after purification of hard water

were measured using atomic absorption spectroscopy.

Materials and methods

Materials

Sodium alginate, carrageenan polyethyleneimine (PEI) and

chitosan were purchased from Sigma-Aldrich (Germany).

Sodium tripolyphosphate, calcium chloride (CaCl2) and

potassium chloride (KCl) were purchased from Park Sci-

entific limited (UK).

Methods

Preparation of alginate gel beads

Alginate gel was prepared using the reported protocol by

Elnashar et al. (2009) by dissolving 2.5% (w/v) sodium

alginate (Alg) in distilled water and 0.002% (w/v) NaN3 as

antibacterial agent. The mixture was stirred using

mechanical stirrer until complete dissolution then dropped

by the Inotech Encapsulator (Fig. 1a) using a nozzle of

200 lm in of 2% (w/v) CaCl2 solution as a hardener to give

uniform gel beads (diameter 2 mm). Micrometer and opti-

cal microscope were used to check the prepared beads size.

Modification of alginate gel beads

Ten grams of alginate beads was washed thoroughly with

distilled water and mixed in (22 mL 0.2 M) sodium

bicarbonate and 4% (v/v) PEI at pH 8, and the gel beads

were stirred for 24 h at 50 �C. Five grams of the freshly

modified beads with PEI was washed with distilled water

and dried under vacuum. The beads were transferred to a

beaker containing 1.6 gm bromoacetic acid in 50 mL water

adjusted to pH using 2 M NaOH solution. The gel beads

were stirred over night at room temperature.

Preparation of chitosan gel beads

Chitosan gel was prepared by stirring a solution of 1.5%

(w/v) chitosan in 1% acetic acid using mechanical stirrer

for 10 h. The formed gel was mixed in a solution of 10%

sodium tripolyphosphate for 3 h using encapsulator

(Fig. 1a) to make gel beads.

Preparation of carrageenan gel beads

j-Carrageenan gel was prepared using the reported proto-

col by Elnashar et al. (2009) [16] by dissolving 2.5% (w/v)

carrageenan in distilled water at 70 �C and 0.002% (w/v)

NaN3 as antibacterial agent. The mixture was stirred using

mechanical stirrer until complete dissolution. Carrageenan

gel was transferred to the encapsulator (Fig. 1a) for

Fig. 1 a Encapsulator for making uniform gel beads. b Gel beads

prepared using the encapsulator
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preparation of the gel beads as shown in Fig. 1b. The gel

beads were cross-linked in 0.3 M KCl for 3 h.

Modification of carrageenan gel beads

Ten grams of carrageenan gel beads was washed thor-

oughly with distilled water and mixed in (22 mL 0.2 M)

sodium bicarbonate and 4% (v/v) PEI at pH 8, and the gel

beads were stirred for 24 h at 50 o C. Five grams of the

freshly modified beads with PEI was washed with distilled

water and dried under suction. The beads were transferred

to a beaker containing 1.6 gm bromoacetic acid in 50 mL

water adjusted to pH using 2 M NaOH solution. The gel

beads were stirred over night at room temperature.

Testing the activity of the prepared gel beads as chelating

materials

The adsorption experiments were performed by addition of

1 g of beads to 10 mL of Ca2?, Mg2? and Fe2?/Fe3? at

different concentrations ranging from 100 to 600 mg/L for

2 h with gentle stirring at room temperature. The beads in

this size have high density and they decant. So, they can be

easily separated from the solution via separating the

supernatant (clean solution) from the beads. Concentrations

of Ca2? and Mg2?Fe2?/Fe3? in the filtrate were measured

using atomic absorption spectroscopy (PerkinElmer 3110,

USA). Each experiment was carried out three times, and

the average value is presented. The results of the experi-

ments are presented in Fig. 2 and Tables 1, 2 and 3.

Results and discussion

Production of gel beads was prepared using the encapsu-

lator to obtain beads with diameter *2 mm, measured

using the micrometer. The polyanionic biopolymers can
Fig. 2 Activity of the prepared beads as chelating agents for Ca2? ions

Table 1 Optimization of concentration of cationsa

Carrier Calcium Iron Magnesium

Opt. % removed mg removed Opt. % removed mg removed Opt. % removed mg removed

Chitosan 75 2.47 80 3.20 82 3.36

Alginate 69 3.45 85 3.40 63 1.89

Carrageenan 78 2.49 92 2.85 72 2.30

One gram of chitosan, carrageenan and modified alginate beads was soaked in 10 mL containing 1–5 mg of cations (100–500 mg/L) cations for 2 h

Table 2 Optimization of amount of beads to remove cations

Carrier Opt. beads

weight gm

Calcium Opt. beads

weight gm

Iron Opt. beads

weight gm

Magnesium

Opt. %

removed

mg/L

removed

Opt. %

removed

mg/L

removed

Opt. %

removed

mg/L

removed

Chitosan 2.0 100 5.00 2.0 100 5.00 2.0 85 4.25

Alginate 2.5 73 3.65 2.0 100 5.00 2.0 90 4.50

Carrageenan 2.5 85 4.25 1.5 100 5.00 2.0 98 4.90

Amount of 0.25–3.0 g of chitosan, carrageenan and modified alginate beads was soaked in 10 mL containing 5 mg of cations (500 mg/L) for 2 h

Table 3 % Chelation efficiency for metal cations using 2 g of gel beads

Carrier (2 g) in 10 mL containing 500 lg of cations

for 2 h

Calcium, % chelation

efficiency

Iron, % chelation

efficiency

Magnesium, % chelation

efficiency

Chitosan 100 100 85

Alginate 60 100 90

Carrageenan 70 100 98

Two grams of gel beads was soaked in 10 mL containing 500 lg of cations for 2 h
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provide binding sites to remove metal ions from aqueous

solutions via coordination interaction (chemical interac-

tion) between the metal cations and the functional groups

existing in the biopolymer such as free carboxyl groups for

the treated alginate; free amino and hydroxyl groups for

chitosan and free sulfonic; and hydroxyl groups for the

carrageenan. Firstly, the prepared and modified gel beads

were screened on 500 mg/L of Ca2? solutions to test the

activity of gel beads in removing Ca2? cations, and it was

showed that carrageenan and chitosan chelated Ca2? ions

without modification on their surface beads. But, the algi-

nate needed some modification to remove calcium ions

from the solution (Fig. 2). That could be due to the fact that

alginate beads were solidified in calcium chloride solution;

thus, further modification of calcium was a must.

The presence of HSO3
- and HO- groups on car-

rageenan beads (Fig. 3a) can chelate and remove Ca2?

cations from the solution. The activity of carrageenan

beads was sharply decreased from 2.35 mg/g beads

(235 mg/L) after the grafting process using PEI and bro-

moacetic acid to 0.8 mg/g beads (80 mg/L). That could be

due to the functionalization process that led to blocking of

some of HSO3
- groups on the carrageenan that were used

during the chelation process with calcium cations.

Chitosan is composed of randomly distributed b-linked

D-glucosamine and N-acetyl-D-glucosamine and contains

adjacent NH2 and HO- groups (Fig. 3b) that can chelate

and remove Ca2? cations from the solution.

Interestingly, this study showed that the concentration of

Ca2? ions increased in the solution after its treatment with

alginate beads (Fig. 3c). That could be due to the fact that

alginate beads were previously cross-linked by calcium

chloride solution, and when the beads were soaked in cal-

cium solution, the beads were already saturated with cal-

cium ions and some of the physically bound calcium ions

were liberated. The overall calcium concentration had

increased by 1.5 mg/g beads (150 mg/L) as shown in Fig. 2.

To solve this problem, two functionalization reactions

have been applied on the alginate beads (previously

treated and cross-linked with calcium chloride) to be able

to chelate the divalent cations. Firstly, alginate beads

were treated with PEI to prepare polymeric beads con-

taining NH2 and OH groups (Fig. 4). Secondly, the latter

was modified with bromoacetic acid to prepare polymeric

beads containing free –COOH and –OH groups (Fig. 4).

The IR spectra for the alginate and modified alginate

beads were measured, and the results revealed the pres-

ence of new OH and C=O groups, at vmax 3449 and

1743 cm-1, respectively, which are due to the new car-

boxylic group (Fig. 5). The three steps of alginate beads

formation and treatment were studied to remove calcium

ions from solutions as shown in Fig. 2, and the results

were as follows:
Fig. 3 a Carrageenan structure. b Chitosan structure. c Alginate

structure

Fig. 4 Functionalization of

alginate by PEI and bromoacetic

acid
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1. The cross-linked alginate beads with calcium chloride

as a cross-linker did not remove any calcium ions; on

contrary, more calcium ions from the beads were

added to the calcium solution to increase its concen-

tration by 1.5 mg/g beads (150 mg/L).

2. The treated calcium chloride beads with PEI removed

200 mg/L calcium ions from the solution, and this is due

to chelation of calcium ions using the free amino groups.

3. The treated calcium chloride beads with PEI followed by

bromoacetic acid removed significant amount of calcium

ions, 220 mg/L, and this could be due to chelation of

calcium ions using the free carboxylic groups.

After screening the activity of the prepared biopolymers

toward Ca2? solutions, the conditions of the experiments

were optimized in order to reach the optimum conditions to

remove the different cations, iron, magnesium and calcium.

Optimum conditions of chitosan beads to remove

cations

Chitosan gel beads (1 g) were soaked in 10 mL of cal-

cium, magnesium and iron solutions at different concen-

trations ranging from 100 to 500 mg/L for 2 h.

Optimum amount of chitosan beads for chelation

of cations

For determination of the required amount of chitosan beads

for optimum chelation of Ca2?, Mg2? and Fe2?/Fe3?,

different weights of beads ranging from 0.25 to 3 g were

soaked in 10 ml of 500 mg/L of cations.

Optimum conditions of alginate beads to remove

cations

One gram of modified alginate gel beads treated with

bromoacetic acid was soaked in calcium, magnesium and

iron solutions at different concentrations ranging from 100

to 500 mg/L for 2 h.

Optimum amount of alginate beads for chelation

of cations

For the determination of the required amount of alginate

beads for optimum chelation of Ca2?, Mg2? and Fe2?/Fe3?,

different weights of alginate beads ranging from 0.25 to 3 g

were soaked in 10 ml of 500 mg/L of metal concentration.

The results presented in Tables 1, 2 and 3 revealed that the

optimum amount of modified alginate beads was 2.5 g to

remove 73% of Ca2? and 2 g of modified alginate beads to

remove 90% of Mg2? and 100% of Fe2?/Fe3?.

Optimum conditions of carrageenan beads

to remove cations

One gram of carrageenan gel beads was soaked in calcium,

magnesium and iron solutions at different concentrations

ranging from 100 to 500 mg/L for 2 h.

Optimum amount of carrageenan beads

for chelation of cations

For the determination of the required amount of beads for

complete removal of iron and magnesium cations, different

Fig. 5 IR spectra for Alg, Alg-PE and Alg-PE-Br-AcOH beads
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weights of beads ranging from 0.25 to 3 g were soaked in

10 ml of 500 mg/L of metal concentration.

Comparative summary of results

In Tables 1 and 2 are summarized the data obtained from

optimization of gel beads and cation concentrations (Fig-

ures not shown) in a comparative way as follows:

The results in Table 1 show that the maximum amount

of chelated calcium and iron was 3.45 and 3.40 mg, using

1 g of treated alginate, respectively, whereas 3.36 mg of

magnesium was removed using 1 g of chitosan beads.

These results were further optimized by using 0.25–3.0 g

of chitosan, carrageenan and modified alginate to chelate a

fixed concentration of cations at 500 mg/L, and the results

are given in Table 2.

The results in Table 2 show an outstanding improve-

ment in the chelation power of the biopolymeric beads

reaching almost their maximum capacity to chelate 85–

100% of the cations. In terms of efficiency and from an

economic point of view, the amount of chelated cations per

2 g bead or % efficiency were calculated as shown in

Table 3 using the following equation.

% Chelation efficiency =

Chelated cations in mg/2 g beads½ �½
/Initial amount of cations in mg� � 100

According to Table 3 and from an economic point of

view, it is recommended to use chitosan for chelation of

calcium and iron as it showed 100% chelation efficiency

of both cations, whereas carrageenan is highly recom-

mended for the chelation of iron and magnesium, as it

showed 100% and 98% chelation efficiency, respectively.

It is also worth to note that chitosan is the second most

abundant biopolymer in nature after cellulose. Further-

more, chitosan and carrageenan did not need any further

modification, which are more economic and friendlier to

the environment compared to alginate, which required

further treatment.

Conclusion

Three biopolymeric beads based on chitosan, carrageenan

and alginate were prepared for treatment of hard water

from calcium, magnesium and iron. It was found that

alginate could not chelate calcium ions from the solutions

because of the pre-preparation of alginate beads using

calcium chloride, which leaked back into the solution.

Accordingly, it was further cross-linked with PEI and

bromoacetic acid. The three formulations were optimized

to chelate the three cations, and the results were out-

standing as they could remove 60–100% of the cations.

Results showed that chitosan and carrageenan showed

better chelation capabilities and they also did not require

any further modification, which are more economic and

friendlier to the environment compared to alginate. Thus,

for future work, it will be interesting to concentrate on the

use of carrageenan and chitosan. Furthermore, we plan to

use the prepared beads on the semi-pilot scale to prove its

efficiency on the scale up process and its reusability.
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