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ABSTRACT 

Heavy metal ions (Cu2+, Pb2+, Cd2+ and Zn2+) are serious threats to the environment. Squid 

belongs to shellfish family and can be found in the bottom sediment. The present work serves 

sub-critical water treatment to mimic contamination of squid oil when it hydrolyzes into a 

three-phase solution composed of aqueous, metal-soap and oil layers. Isothermal adsorption of 

metal ions was studied to visualize competitive chelation from aqueous phase to oil phase (493, 

523, 548, and 573 K) for solutions possessing dissimilar initial concentration of metal ions. The 

decomposition of glycerides into fatty acids was favored at an elevated subcritical temperature, 

where metal-soap phase revealed the highest chelation ability toward Cu2+ ion (96% at above 

500 K). To evaluate the possibility and the extent of oil recovery, removal of heavy metal ions 

from contaminated oil was performed by CR11 chelate ion exchanger. The superiority of CR11 

in trapping metal ions was featured by comparing its performance as sorbent with commonly 

used PEI-chitosan beads and PEI-chitosan fiber sorbents. It was found that CR11 chelate ion 

exchanger facilitates removal of ions from metal-soap and oil phases obtained at low 

temperatures, where Zn2+ and Cd2+ could be separated easier compared to Cu2+ and Pb2+. 

 

Keywords: Squid Oil; Adsorption Isotherm; Chelate Ion Exchanger; Subcritical Water 

Treatment; Heavy metal ions 
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1. Introduction	

The heavy metal ions such as Cu2+, Pb2+, Cd2+ and Zn2+ are the main threats to the 

natural sources of creatures [1-4]. The transmission of heavy metal ions from one living 

being to the other(s) leads to serious contamination of aqueous environment [5]. The 

progress in urbanization, especially coastal cities lends itself to contamination of water 

sources with heavy metal ions, which are easily entered into the aqueous media [6]. 

Such contaminants directly diffuse into the bodies of phytoplanktons, zooplanktons, the 

bacteria and marine organisms causing contamination of food chains [7-8]. As a 

consequence of this, marine products and wastes pose high risks for the human life. For 

instance, 1.3 million tons of marine wastes are generated every year only in Japan, 

which brings about diverse consequences to the environment. According to the London 

Agreement, discharge of wastes into the sea is illegal [9]. Therefore, diverse routes have 

been developed over the last years to diminish the content of or idealistically complete 

removal of heavy metal ions and organic pollutants from the effluents, including 

chemical precipitation, ion exchange reactions, electrodialysis, reverse osmosis, and 

adsorption of ions by low-cost adsorbents like activated carbons [10-14]. On the other 

hand, incineration of marine wastes appears as an easy route which has been 

implemented over the past decades in the undeveloped/under developing countries. The 

burning, however, brings serious disadvantages of air pollution and transmission of 



 4

heavy metal ions into the air, which itself creates more issues to the health of living 

organisms [15-16]. 

Reports show that there are large amounts of fat and oil in the marine wastes. This 

strengthens the idea that rich food sources are potentially available to recover. It was 

confirmed that sub-critical water treatment can be considered as a green economical 

method to convert marine wastes to value-added materials [17-18]. It was previously 

demonstrated that amino, fatty, and organic acids can be produced from waste squid 

entrails using sub-critical water hydrolysis. According to the literature, 100 tons marine 

wastes in the step I (479 K, 5 min) can gain 0.29 and 4.5 tons of alanine and soluble 

proteins, respectively; while in the step II (513 K, 50 min) from the solid obtained from 

the first step one can achieve 0.27 and 0.15 tons of amino acids and organic acids, 

respectively [19]. Elsewhere valued materials are obtained from scallop viscera, 

implying that transesterification taking place during sub-critical treatment plays an 

important role in production of fatty acids from organic wastes, so that from 100 g 

marine waste (473 K, 10 min) one can obtain 0.61, 1.03, and 7.9 grams of 

eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and fatty acid methyl esters 

(FAMEs), respectively [20-21].  

Procurement of edible or eco-friendly fatty acids from the marine wastes seems to be a 

prodigious output. Marine wastes are rich in omega-3 fatty acids and FAMEs, and due 
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to their similar physical properties to diesel fuel can be applied in production of biofuel 

[22-24]. The presence of heavy metal ions in the marine wastes, however, necessitates 

their cleanup before usage. The tissues in which such ions are normally deposited are 

digestive gland and kidney [25]. Fatty acids of type FAMEs are the most potent ones 

that may enter the aforementioned organs; hence, they are a main source for pollutants. 

The continued works of this group on sub-critical removal of heavy metal ions from 

squid and scallop wastes have shown that three phases are formed in which heavy metal 

ions are distributed [26-27]. Metal-soap and oil phase contain the major proportion of 

metal ions with chelate agent from squid wastes. In parallel, many studies have focused 

on application of sub-critical method for clean production from marine wastes [28-30]. 

In this sense, application of synthetic resins for chelating metal ions was considered as a 

promising solution [31-32]. Such exchange resins are versatile in diverse fields ranging 

from purification of industrial wastes to ion exchange membranes [33-35]. It was 

accepted that chelating resins are suitable for selective removal of heavy metals from 

waste effluents thanks to the presence of functional groups which are reactive towards 

metal ions [36-38].  

According to the literature, Chelex 100, Ambelite IRC 748, Purolite S930, Lewatit TP 

207, and Diaion CR11 have been frequently applied in removal of Ni2+, Cd2+, Cu2+, 

Co2+, Zn2+, Pb2+, and Cr3+ from aqueous solutions [39-40]. Nevertheless, few reports are 
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available on removal of heavy metal ions from marine wastes by chelating ion 

exchanger through sub-critical isothermal treatments. Moreover, distribution of heavy 

metal ions in distinguished phases resulting from sub-critical treatment has rarely been 

investigated.  

In this work, the effect of temperature on decomposition of squid oil to fatty acids and 

formation of edible materials has been studied. First, polluted substances were prepared 

to experience sub-critical water treatment, through which heavy metal ions underwent 

chelate reaction and entered oil phase and metal-soap phases. Then, removal of heavy 

metal ions from contaminated phases using CR-11 was carried out. In this regard, a 

detailed analysis was done to probe the presence of Cu2+, Cd2+, Zn2+ and Pb2+ heavy 

metal ions in three phases formed separately (oil, metal-soap and aqueous) under 

different sub-critical reaction temperatures. In particular, the effect of temperature on 

the formation of chelate agents of metal ions in the oil and metal-soap phases was 

reported. The superiority of removal of heavy metal ions by CR11 exchanger was 

finally quantified with respect to PEI-chitosan beads and PEI-chitosan fibers 

experiencing sub-critical treatment under isothermal condition.   
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2. Experimental	

2.1. Materials	 	

Crude squid oil was obtained from Riken Vitamin Co. (Tokyo, Japan). Before each 

treatment, the oil was stored under nitrogen to prevent oxidation in an incubator with 

temperature fixed at 308 K. The composition of fatty acids contained in the obtained 

squid oil is given in Table 1. All reagents used in this study were laboratory grade, and 

the water was milli-Q water (18.2 M-Ohm grade). The salts that contain the metal ions, 

Cu(NO3)2.3H2O, Zn(NO3)2.6H2O, Cd(NO3)2.4H2O, and Pb(NO3)2 were provided by 

WAKO Chemical, Japan. Nitric acid (Wako Pure Chem. Ind.) was used in pretreatment 

of metal before the analysis. Metal standard solutions for the induced coupled plasma 

(ICP) analysis were obtained from Kishida Chemicals Co. (Osaka, Japan), and Wako 

Pure Chemicals Industries Ltd (Osaka, Japan). According to ICP analysis, no heavy 

metal ion was found in the oil.  
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Table 1. Composition of squid oil. 

 

 The ion exchangers used in this work were commercial chelate ion exchanger, 

DIAION CR11 (Mitsubishi Chemical Co., Japan), PEI-chitosan beads and PEI-chitosan 

fiber (Fuji Spining Co., Japan). The DIAION CR11 was made of the 

styrene-divinylbenzene, and its functional group was iminodiacetic acid 

(-CH2N(CH2COO)22-). The physical properties of the CR11 are given in Table 2.  

 

Table 2. Experimental values and conditions. 

Fatty acids  

composition 

Percentage 

(%) 

Fatty acids  

composition 

Percentage 

(%) 

Myristic, C14:0 4.3 Linoleic, C18:2 1.4 

Pentadecylic, C15:0 0.3 Linolenic, C18:3 0.6 

Palmitic, C16:0 16.3 Octadecatetraenoic, C18:4 1.1 

Palmitoleic, C16:1 

Hexadecadienoic, C16:2 

Margaric, C17:0 

Stearic, C18:0 

Oleic, C18:1 

4.4 

1.7 

0.9 

2.4 

15.1 

Eicosenoic, C20:1 

Arachidonic, C20:4 

EPA, C20:5 

Docosenoic, C22:1 

DHA, C22:6 

9.9 

1.2 

13.7 

6.0 

20.7 

Resin   Type of   Adsorbates Initial Concentrations Temperatur  

    Resin    Used(aq)     (kmol/m3)      (K) 

 DIAION     Cu (II)    0.0003 ~ 0.01   
  CR11     Na+   Zn (II)    0.0003~ 0.008      298 
(Gel Type)        Cd (II)    0.0002 ~ 0.008   

Pb (II)           0.0002 ~ 0.008 
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PEI-chitosan beads are prepared via magnetic gelatin. The iron ions are distributed in 

the gelatin period by electrostatic interactions to form iron oxide nanoparticles using a 

basic solution prepared at high temperatures. The resulting product was further 

crosslinked for the sake of mechanical stability achievement. PEI-chitosan cationic 

copolymers were then attached to the surface of magnetic composite. Details on 

fabrication of PEI-chitosan can be found in the literature [11-13].  

The concentration of functional group in PEI-chitosan fiber was determined by the 

equilibrium isotherm for adsorption of HCl. Titration was performed with methylene 

blue indicator to determine the concentration of HCl.  

The equilibrium isotherm describing the adsorption of HCL on PEI-chitosan can be 

expressed by the following reaction: 




  ClNHRHClNR

HCl
--

K
                  (1) 

where R-N stands for PEI-CH exchanger. Applying mass conservation law to Eq. (1), 

Eq. (2) is yielded: 

HCl

HCl
HCl N][R C-

q
K


                         (2) 

The total ion-exchange capacity is given by Eq. (3) as follows: 

N][RHCl -qQ            (3) 

Combining Eq. (2) and Eq. (3), the Langmuir equation, Eq. (4), is derived: 



 10

HClHCl

HClHCl
HCl 1 CK

QCK
q


                  (4) 

The saturation capacity Q [ -3mmol  wet resin] and the equilibrium constant HClK  

[ -13 molm  ] can be obtained from Eq. (5), the so-called transformed from of Eq. (4): 

Q

C

QKq

C HCl

HClHCl

HCl 1
                (5) 

The solid line in Fig. 1 obtained using values of HClK  and Q listed in Table 3 

correlates well the Langmuir isotherm corresponding to PEI-chitosan adsorbent.  

 

 

Fig. 1. Experimental equilibrium isotherm for the adsorption of HCl on PEI-chitosan  
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Table 3. Physical properties of PEI-chitosan beads and PEI-chitosan fiber. 

 

In case of CR11, the main reaction takes place through the following scheme:  

ClNH-RHClNH-R 32 
 

HClK

        (6) 

Eq. (7) gives the following Langmuir equation [41]: 

                                    
HCLK

QK
q




1

HCl
                     (7) 

where q (mg/g) is the equilibrium amount of adsorbate, Q is the Langmuir constants and 

KHCL is a constant of chemical reaction. The equilibrium data were corellated well with 

the Langmuir plot. In Na+-type DIAION CR11, the reaction can be stated by Eq. (8): 

 

 


 Na
H

Na
K

H-RHNa-R         (8) 

Unit molecular structure 
     

       

 

 
 
 
 
 

Particle diameter [meter] 4105         

Apparent density [ 3mkg  ] 1063.2        

Equilibrium constant in Eq. (1), KHCl [ -13 molm  ] 3.44        
Saturation capacity of HCl, Q  [ resin wet mmol 3 ] 2180           

CH2OHH

CH2

NH

O

O

O

OH CH2OH
CH2OHH

HO
HO

HO

H
H

H

H
H

H

NH2

H
H

H

NH

EGDE

Chitosan Residue

CHCH 2 PEI

OH

CH 2CH CH 2
N
H CH 2

N
CH 2 CH 2

CH 2

CH 2NH

NH 2 n
Poly(ethylene imine)
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where R-Na+ denotes the chelate resin. Applying the mass action law to Eq. (8), we can 

derive Eq. (9):  





 
HNa

NaHH

Na Cq

Cq
K        (9) 

where 



H

Na
K  is a equilibrium constant of chemical reaction, qH+ and qNa+ are 

equilibrium amount of H+ and Na+ ions and also CNa+ and CH+ are concentarion of H+ 

and Na+. The conditions of electro-neutrality are given by: 

 
Na

qq
H

        (10) 

 
Na

CCC
H0        (11) 

when Eq. (9) to Eq. (11) are combined, we obtain Eq. (12):  









 
H

H
HH

Na

H C

q
CC

K
q )(

1
0       (12) 

The saturation capacity ψ [mole/kg dry-resin] and the equilibrium constant 



H

Na
K [kg 

dry-resin/mole] were determined from Eq. (13), i.e. the transformed from of Eq. (12): 





 
H

H
HH q

C
CC

K
C )(

1
0        (13) 

The physical properties of DIAION CR11 are given in Table 4. Again, the solid line in 

Fig. 2 representing the isotherm obtained by the values of K and Q given in Table 4, 

matches well the experimental data.  
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Table 4. Physical properties of DIAION CR11 used in this study. 

 

 

 

 

 

 

Unit molecular structure  

       

 

 
 
 
Particle size range (dry)    US standard mesh  24-28 
Particle diameter (dry)    meter  6.756 10-4 
True density    kg of dry-resin/m3  1255 
Saturation capacity of HCl, Q    mole/kg dry-resin  1.395 
Equilibrium constant in Eq. (6), KH+      kg dry-resin/mole  1.723  103 
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Fig. 2. Experimental equilibrium isotherm for the adsorption of HCl on DIAION CR11 

 

2.2. Sub‐critical	water	(Sub‐CW)	treatment	

 The reaction between metal ions (concentration of 0.01M for each metal aqueous 

solution) in aqueous solution and the squid oil was carried out using stainless steel pipes 

(SUS16, i.d. 0.02m × 0.20m, reactor volume 70.0 cm3) with Swagelok caps. The 

dissolved oxygen in the sample was degassed by purging argon gas. The reactor was 

then sealed by Swagelok caps and immersed in a preheated molten salt bath (Thomas 

Kagaku Co. Ltd., Celsius 600H) as shown in Fig. 3. 
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O

CH2－OCOR1 CH2 － OH           R1－C － OH

CH－OCOR2 +  3H2O               CH － OH    +     R2－CO－OH

CH2－OCOR3 CH2 － OH           R3－C － OH

iO

O

CH2－OCOR1 CH2 － OH           R1－C － OH

CH－OCOR2 +  3H2O               CH － OH    +     R2－CO－OH

CH2－OCOR3 CH2 － OH           R3－C － OH

iO

 
Fig. 3. Schematic of batch experimental set-up and samples’ appearance before and 

after sub-CW reaction 

 

The reactor kept under shaking in the salt bath at the course of reaction. The reactions 

were carried out at temperature range 473-673K, and the pressure range was 1.35-8.5 

MPa, as estimated from the available steam tables. The reactor was subsequently 

removed from the thermal bath and rapidly quenched by wringing out in a cold water 

bath. During the sub-CW reaction, free fatty acids are to be produced in the oil phase 

(OIL) according to the hydrolyzed reaction of Eq. (14):  

 

(14) 
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Ri－C － O‐H+

O

O

Rj－C － O‐H+

+  M2+

Ri－C －O‐

O

O

Rj－C －O‐




M2+     +   2H+

Ri－C － O‐H+

O

O

Rj－C － O‐H+

+  M2+

Ri－C －O‐

O

O

Rj－C －O‐




M2+     +   2H+

O

CH2－OCOR1 CH2－OCR1

CH－OCOR2 +  M2+ CH－OCOR2 M2+

CH2－OCOR3 CH2－OCR3

iO







O

CH2－OCOR1 CH2－OCR1

CH－OCOR2 +  M2+ CH－OCOR2 M2+

CH2－OCOR3 CH2－OCR3

iO







Fig. 3 illustrates the formation of OIL and metal-soap phase. After the sub-CW reaction, 

OIL (upper phase) and aqueous (lower phase) were analyzed. As a consequence of 

sub-CW and the presence of heavy metal ions, both triglycerides and free fatty acids 

underwent complex reactions with metal ions. The extraction of metal ions from 

aqueous solution to the OIL was occurred based on the complex formation reactions of 

triglyceride molecules with metal ions, taking place according to Eq. (15): 

  

 

   (15) 

 

                     

On the other hand, heavy metal ions were extracted by the strong chelate reaction with 

the free fatty acids produced through reaction scheme shown in Eq. (14) and produced 

metal-soap phase as shown in Eq. (16). Metal ions could react with glyceride molecules 

and fatty acids via O donor atom of carboxylic group of the free fatty acids to form 

stable complexes. [26, 27] 

 

 

                (16) 



 17

2.3. Ion	exchange	process	

The ion exchange particles were properly conditioned to obtain the NaR- -form. A 

sufficient amount of resin granules was placed in a glass column with an internal 

diameter of 3.5 cm and height of 100 cm, and then sufficient amount of deionized water 

was added to fill the gap between particles. The conditioning started with an acid 

washing, where 2000 cm3 of -3mkmol 1.0  HCl aqueous solution was run through the 

column bed. This process was repeated under the same concentration of HCl aqueous 

solution and then terminated when the inlet and the outlet pH of the column became 

equal. The resin particles were then thoroughly rinsed with deionized water. Next, a 

series of 2000 cm3 of -3mkmol 1.0  NaOH aqueous solutions were run through the 

column bed. Likewise, the pH at the inlet and the outlet of the column was measured 

continuously until equality was attained. The resin particles were again thoroughly 

washed with deionized water. Finally, the resin particles were dried under vacuum. 

To elucidate the ability and suitability of chelate ion exchanger (DIAION, CR11), the 

adsorption results due to this resin were compared with two commonly used ion 

exchangers; first, a new weakly basic resin, polyaminated highly porous PEI-chitosan 

bead and second, PEI-chitosan fibers which were used to uptake metal ions from 

different aqueous solutions [42-43].  
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2.4. Heavy	metal	removal	measurements	

Decomposition of squid oil under different temperatures of 273, 473, 573 and 673 K 

was investigated by GC-MS analysis. Samples were characterized at electron impact 

mode (70eV) using a Shimadzu GC-17A GCMS-QO5050 gas chromatography mass 

spectrometer. The GC instrument was equipped with a 0.2 m film thickness of 100% 

dimethylpolysiloxane UA-1 ultra-alloy capillary column (Frontier Laboratories Ltd., 

Fukushima, Japan) of 15m×0.25mm i.d. 

The presence of heavy metal ions in squid oil was analyzed by Seiko atomic absorption 

spectrophotometer (Model SAS 7500A) with D2 deuterium lamp background correction 

in air acetylene flame absorption mode. Metal concentrations in aqueous phase were 

also detected by direct aspiration into the flame atomic absorption. Cadmium, copper 

and zinc were respectively analyzed at wavelengths of 228.8, 324.75, and 213.86 nm. 

The ion concentrations were calculated according to calibration standards. The detection 

limit for analyzing metal ions was measured as follows: 0.05 ppm for Cd2+, 0.05 ppm 

for Cu2+, and 0.02 ppm for Zn2+. In case of Pb2+, atomic absorption spectroscopy was 

utilized using the flameless cold vapor technique at a wavelength of 253.65 nm.  

To efficiently identify the coexisting metal ions, it was known that Cu2+, Cd2+ and Zn2+ 

might affect their atomic absorption measurements. From this perspective, specific 

amounts of Cu2+, Cd2+ and Zn2+ were added individually to a sample solution and the 
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concentrations of the metals were measured assuming a single component system. It 

was observed that the added ions do not upset the concentrations of Cd2+, Cu2+ and Zn2+. 

In turn, multiple experiments were carried out at three temperatures of 473, 513 and 

573K to obtain reliable values, where a small deviation of ca. 5.0%, at worst, was 

detected. On account of such an acceptable deviation and minor difference observed in 

the results, the rest of experiments were performed accordingly. 

The equilibrium adsorption isotherms of the metal ions were measured by the batch 

method. The various measured weights of the resin beads were contacted with the OIL 

and metal-soap solutions for all concentration ranges and the samples were placed in an 

incubator under constant stirring at 1200 rpm and an operating temperature of 

298±0.5K. The ion exchange equilibria were attained in four days, which guaranteed an 

equilibrium state. Then, metal ion concentration in the equilibrated solutions was 

determined. Resin-phase concentration of the metal ion qe[mole/kg dry-resin] was 

calculated using Eq. (17) [44]: 

W

VCC
q To

e

)( 
            (17) 

 

where Co and CT (kmol･m
-3) are the initial and the final metal concentrations in the OIL 

and/or metal-soap, respectively; V(m3) is the volume of the adsorption solution; and 
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W(kg) is the weight of the resin. All experiments were carried out at 298K±0.5K. 

	

3. Results	and	discussion	

3.1. Detection	of	heavy	metal	ions	in	triple	phases 

GC-MS chromatograms of glycerides and fatty acid molecules under different 

temperatures of squid oil are shown in Fig. 4. According to the figure, the 

concentrations of glycerides and fatty acids at high temperature are low and high, 

respectively. This behavior indicates that glyceride bonds are not stable at elevated 

temperatures to form fatty acids with stable structures. The amount of triglycerides was 

decreased at 573K, in turn that of fatty acids was drastically decreased in comparison 

with squid oil at 473K. In addition, the amount of glycerides has decreased sharply at 

673K. Accordingly, the functional groups in squid oil were changed and squid oil under 

different temperature had carboxylate ions (-COO-), (-NH2) and hydroxyl (-OH) as 

functional groups (chelating agent) for chelate reaction to metal ions. 
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Fig. 4. GC-MS chromatogram of hydrolyzed triglyceride molecules in squid oil at 

different temperatures 

  

Fig. 5 shows the variation of metal ions concentration in the oil phase as a function of 

temperature. The initial concentration of heavy metal ions in the aqueous phase was 50 

mg.l-1. By the time aqueous and oil phases were in contact, heavy metal ions have 

transferred from aqueous to oil phase. It can be seen that metal ion concentration of 

Hg2+ was exceptionally very high even at low reaction temperature in comparison with 

other types of ions, which implies significant affinity of Hg2+ ion towards squid oil. This 

behavior can be related to the formation of a stable complex between Hg2+ and carbonyl 

and carboxyl functional groups of the fatty acids and triglycerides in the squid oil 

[45-46]. It was observed that the concentration of ions followed the order 
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Cu2+>Pb2+>Zn2+>Cd2+ with increased temperature.  

 

 
Fig. 5. Alteration of metal concentration in the oil phase as a function of temperature for 

samples with initial aqueous phase concentration of 50 mg.l-1. 

 

Moreover, the rate of chelate reaction of Cu2+ and Pb2+ ions has increased at high 

temperatures. This behavior can be explained on account of formation of stable complex 

ions with strong functional groups. Moreover, chelate of ions at reaction temperature of 

473K was facilitated. In view of previous section on the level of glycerides and fatty 

acids existed in squid oil at 473K, the chelate reaction rates of ions are significant. At 

elevated reaction temperatures, fatty acids play the major role in chelate formation 

process and carboxyl functional groups from these fatty acids are apt to chelate of ions 

in comparison to carbonyl groups in all glycerides [45]. At temperatures above 550K, 
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chelate formation of ions reached the highest possible level experiencing a plateau. It is 

believed that such metal ions might be absorbed on the -NH2 and -COOH groups of 

proteins due to the squid entrails [27]. Fig. 6 shows the effect of reaction temperature on 

the yield of OIL and metal-soap phases produced during sub-CW reactions. It is 

observed that an increase of temperature leads to formation of more triglycerides in the 

OIL, which are hydrolyzed to free fatty acids (Eq. (14)). As a result, a decrease in the 

OIL yield is observed. Unlike this, the completion of produced free fatty acids and 

metal ions (Eq. (16)) increases the metal-soap yield.  

 

Fig. 6. Effect of reaction temperature on the yield of OIL and metal-soap phases 

 

Fig. 7 depicts the effect of temperature on the concentrations of Cu2+, Pb2+, Cd2+ and 
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Zn2+ ions in the aqueous, OIL and metal-soap phases at reaction time of 10 min. The 

concentration of metal ions in the aqueous solution is shown in Fig. 7A. Generally, it 

can be seen that ion concentration decreases upon increase of reaction temperature. This 

behavior indicates that the heavy metal ions are absorbed by functional groups such as 

(-NH2), (-COOH) and (-OH) and, therefore, ion concentrations decreased in aqueous 

phase.     

In case of Cu2+, however, ion concentration was constantly decreased with increasing 

temperature, but different behaviors were observed regarding of other ions chelation. 

The ion concentrations of Pb2+, Cd2+ and Zn2+ were virtually constant, decreasing 

slightly with temperature, at temperatures in the range of 400-500 K. However, a sharp 

decrease was observed at temperature range of 500-550K, which can be attributed 

further to the formation of active sites and replacement of high to low molecular weight 

fatty acids with are scavenged by the functional groups [26, 47]. Fig. 7B shows the 

effect of reaction temperature on the ions’ concentration in OIL phase. Overall, expect 

for Cu2+, affinity to OIL phase does not resemble to the aqueous phase. The chelation of 

Cu2+ vs. temperature followed a parabolic curve with a maximum concentration of 

5.5  10-3 (mol/l) at 493K, then, temperature rise caused a negative effect on this 

mechanism for Cu2+. These results suggest that by increasing the temperature the 

amount of oil phase decreased due to saturation of functional groups by the metal ions. 
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Moreover, the binding of Cu2+ to fatty acids in OIL phase should be different with 

aqueous phase. The chelation behavior of Pb2+ and Cd2+ was the same in the OIL phase 

and showed an ascending trend, achieving maximum values of  5.7 10-3 (mol/l) and 

5.0 10-3 (mol/l) at 573K, respectively. This emphasizes the formation of electrostatic 

forces between Pb2+ and Cd2+ ions and active site, which stabilizes then at higher 

temperatures. By contrast, concentration of Zn2+ ion shows a slight increase with 

increasing temperature. The electrostatic forces between Zn2+ and active sites of 

glycerides in oil phase have shown a moderate variation at high temperatures. The effect 

of temperature on variation of ions concentrations in metal soap phase is shown in Fig. 

7C. As a whole, the ion concentration increased with increasing temperature. This 

behavior indicated that chelate reaction of metal ions in chelate sites of fatty acids and 

triglycerides had direct relation with the temperature. The difference between ion 

concentrations observed for Cu2+ is greater compared to the other ions. The same story 

accounted for OIL phase seems to be true for Pb2+ and Cd2+. On the other hand, 

chelation behavior of Cu2+ and Zn2+ were completely different in oil and metal soap 

phases. These ion concentrations trends were ascending until 520K, reaching a plateau 

at higher temperatures. These trends were attributed to the decomposition of glycerides 

and production of fatty acids, as well as formation of effective electrostatic bonds 

between the ions and active sites. In this sense, the developed electrostatic bonds in the 
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case of Cu2+ were appropriate and possibly were increased by temperature. Besides, 

formation of chelate is not so imaginable compared to decomposition of this reaction 

with increasing temperature such as: 

           (18) 

 

Fig. 7. Metal ion distribution in aqueous, metal-soap and OIL phases after sub-CW 

reactions 
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3.2. Adsorption	of	heavy	metal	ions	from	squid	oil	to	ion	exchanger	  

Fig. 8 shows the equilibrium adsorption of Cu2+, Zn2+ and Pb2+ by DIAION CR11, 

PEI-chitosan beads and PEI-chitosan fiber from the OIL phase (obtained at sub-CW 

under 523 K and a reaction time of 10 min). Although PEI-chitosan resins have strong 

affinity to uptake metal ions from the aqueous solution due to their amino functional 

group [48-49], for oil solution the selectivity of adsorption for CR11 has significantly 

increased compared to the other two PEI-chitosan resins, especially for Zn2+. This 

specific behavior of CR11, which leads to at least a five-fold larger exchange capacity 

compared to PEI-chitosan bead and PEI-chitosan fiber, has been exceedingly influenced 

by the iminodiacetic functional group and the ability to produce strong chelate complex 

with metal ions in stable coordinate covalent bonds formation. In the light of the above 

observation, a schematic model is proposed for the ion adsorption of CR11 and 

PEI-chitosan resins (Fig. 8C), implying that formation of trap heavy metal ions in CR11 

was more effective with respect to PEI-chitosan resin. 
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Fig. 8. Equilibrium isotherms for adsorption of heavy metal ions from the oil phase 

(OIL obtained at 573 K and 10 min) on CR11, PEI-chitosan beads, and PEI-chitosan 

fiber of (A) Cu2+, (B) Pb2+, (C) Zn2+ and (D) adsorption mechanism proposed for ion 

exchangers on CR11 and chitosan. 

 

Experimental equilibrium isotherms for the adsorption of Cu2+, Pb2+, Cd2+ and Zn2+ 

from the OIL phase in single component system are shown in Fig. 9. For each metal ion, 

the OIL phase containing the high initial concentration of metal was used (0.01 mol.m-3 

of Cu2+ at 498 K, 0.008 mol.m-3 of Zn2+ at 548 K, 0.008 mol.m-3 of Cd2+ at 548 K, and 

0.008 mol.m-3 of Pb2+ at 548 K). The results suggest that the adsorption selectivity has 

been favored by Zn2+ and Cd2+ with 100% uptake of these metal ions from the OIL 
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phase followed by Cu2+ and Pb2+.  

 

Fig. 9. Equilibrium isotherms for the individual adsorption of Cu2+, Pb2+, Cd2+ and Zn2+ 

from the OIL to DIAION CR11 

 

The adsorption profiles for Zn2+ and Cd2+ are favored through coordination with the 

nitrogen atom of the iminodiacetic group, while for copper and lead, the adsorption 

bonds are attributed to the presence of protonated carboxylate anions [50-51]. The 

relatively high capacity of Zn2+ and Cd2+ to be removed from the OIL phase stems from 

the selectivity of DIAION, while its adsorption by the CR11 from the aqueous phase is 

favored for Cu2+ proposing that the selectivity towards OIL phase depends on the ionic 

strength, ionic radius, the presence of other complex-forming agents and, more 

importantly, the stability of complex formed between metal ions and OIL phase at 

different conditions. Moreover, the degree of protonation of the carboxylates and the 
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donor N atom in iminodiacetate group critically affects the ability of the resin to uptake 

and retain the metal ions. 

Fig. 10 depicts the variation of metal ion extraction by the CR11 from the OIL at 

different sub-CW temperature conditions. Fig. 10A reveals that for the OIL extracted at 

low temperature (498 K), the selectivity toward adsorption of Cu2+ is much higher than 

the others ions and the adsorption of ions follows the order Cu2+>>Pb2+>Zn2+>Cd2+. 

According to what previously explained in case of Fig. 7 about considerable affinity of 

Cu2+ to active sites of oil phase, the creation of strong physical bonds between ions and 

CR11 would be highly probable. The main reason behind this work was to design and 

examination a suitable resin capable of reacting with heavy metal ions through 

formation of a more stable complex chelation compared to common adsorbents such as 

PEI-chitosan beads and fibers, which has been realized using CR11.  

The ions Cd2+, Zn2+ and Pb2+ facilitate the formation of adequate electrostatic bonds 

between them and active sites in glycerides and fatty acids in the oil phase, which 

prevents migration of such ions to CR11. Fig. 10B shows ion sorption from ion phase to 

CR11 at a temperature of 523 K. It can be seen that Zn2+ and Cd2+ are intensely 

absorbed, where affinity of these ions to active site of CR11 increased by temperature 

rise and chelates reaction showed sufficient strength (Figures 9C and 9D). This behavior 

may be due to the decomposition of glyceride and fatty acids molecules in the oil phase 
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at high temperatures and then the chelation of Cu2+ decreased surprisingly at high 

temperatures (548 K and 573 K). The difference between chelation behaviors of the 

Cu2+ can be attributed to the change in electrostatic bonds at high temperatures. The 

profile of adsorption to CR11 at temperature of 548 K is shown in Fig. 10C. In such a 

situation, the rate of ion adsorption followed the order of Zn2+>>Cd2+>>Pb2+>Cu2+. 

Overall, the extent of the adsorption by CR11 was reduced due to the alteration of 

adhesion energy between ions and activation sites in the oil phase and CR11.  

 
Fig. 10. Equilibrium isotherms for multiple adsorption of Cu2+, Pb2+, Cd2+ and Zn2+ 

from the OIL on DIAION CR11 (A) OIL at 493 K, (B) OIL at 523 K , (C) OIL at 548 K 
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and (D) OIL at 573 K (all temperature at 10 min). 

 

Further increase of temperature to 573 K still affects adsorption to CR11 (Fig. 10D). As 

a whole, the observed trends for ion adsorption are similar to the previous figures for 

OIL obtained at lower temperatures. The rates of ion adsorption for Zn2+ and Cd2+ are 

significant, whereas for Cu2+ and Pb2+ are limited. It can be concluded that the 

concentration of Cu2+ in the oil phase is constant, and electrostatic forces between Cu2+ 

and active sites in oil phase are stronger than in CR11.    

The results of adsorption from metal soap phase (at temperature of 573K) to CR11 are 

shown in Fig. 11 following the order of Zn2+>>Cd2+>>Pb2+>Cu2+.  

 

Fig. 11. Equilibrium isotherms for multiple adsorption of Cu2+, Pb2+, Cd2+ and Zn2+ 

from the metal-soap on DIAION CR11 (metal-soap at 573 K). 
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As previously seen in Fig. 7C, concentration of Cu2+ was high at the assigned 

temperature implying strong bonds between Cu2+ and functional groups in fatty acids. 

This can be considered as the main reason to prevent diffusion of Cu2+ to CR11. On the 

other hand, strong bonds have not been established between Cd2+ and fatty acids in the 

metal-soap phase, hence, this ion is apt to be absorbed by the CR11. In this situation, 

adsorption of Zn2+ by the CR11in metal-soap phase and is noticeable.  

                       

4. Conclusion	

In this work, squid oil was cleaned up through sub-critical water reaction from heavy 

metal ions followed by desorption of metal ions trapped in squid oil by DIAION and 

CR11. First, the effect of elevated temperatures on sub-critical treatment was studied by 

GC analysis, showing that the major part of squid oil was triglycerides. Increase of 

temperature led to decomposition of triglycerides to fatty acids. At higher temperatures, 

metal-soap phase was formed containing numerous fatty acids. The presence of heavy 

metals was investigated in three phases: aqueous, oil and metal-soap. The outcomes 

confirmed that metal-soap phase provides an ideal condition for chelate reaction of ions 

because of formation of fatty acids and strong electrostatic bonds between ions and 

active sites of the fatty acids. Exceptionally, Cu2+ revealed good chelation in metal-soap 

phase. Next, three kinds of ion exchanger, i.e., CR11, PEI-chitosan beads and 
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PEI-chitosan fiber, were applied in adsorption of metal ions from oil phase, where CR11 

posed a significant role in trapping ions through formation of strong electrostatic bonds 

between ions and functional groups in CR11. It was shown that at for OIL obtained at 

temperature of 493 K adsorption of Cu2+ was facilitated and underwent promotion upon 

a temperature rise. The degree of adsorption of Cu2+ decreased in the same direction, 

while the rate of adsorption of Zn2+ and Cd2+ increased. Moreover, the effect of CR11 

on adsorption of ions in metal-soap phase under isothermal condition confirmed that 

Zn2+ and Cd2+ are responsible for stronger electrostatic bonds in CR11, whereas Cu2+ 

makes possible electrostatic bonding between ions and functional groups in fatty acids, 

which itself justifies the low adsorption by CR11.                        	
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