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a b s t r a c t

Immobilized coupling product (CP) of chitosan with humic acid was prepared to overcome the sol-
ubility limitations in using chitosan and HA as adsorbents for heavy metals ions. Two CPs were 
prepared; FCP from Fluka humic acid and JCP from Ajloun(Jordan) humic acid. The prepared CPs 
were found to be insoluble in the pH range from 2 to 12. The CPs were studied by elemental analysis, 
Ba(OH)2 titration, potentiometric titration, FTIR, solid 13C-NMR, SEM and XRD. The results indicated 
the formation of covalent amide/ester bonds and electrostatic bonds (~~~NH3

+….–OOC~~~) between 
chitosan and humic acid. The uptake of Pb(II) and Cd(II) by CPs was found to increase with increas-
ing pH and ionic strength, while, the reverse was observed in the case of Cr2O7

2– which indicated a 
unique behavior of CPs compared with free humic acid and chitosan. The adsorption capacities of 
Pb(II), Cd(II), and Cr(VI) were 33.0, 24.7, and 56.5 mg/g, respectively, in the case of FCP, and 54.9, 
20.1, and 54.1 mg/g, respectively, in the case of JCP. The effect of time and temperature on adsorption 
showed that it is fast, endothermic and entropy driven. The SEM indicated tight surface of CPs due to 
the strong bonding between chitosan and humic acid. To overcome this problem, CPs were modified 
by spread over silica gel to produce a high capacity adsorbent (486 mg Pb/g FCP) which has superior 
removal of low concentrations of Pb < 30 ppm with about 100% efficiency.
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1. Introduction

Heavy metal ions are toxic and have adverse effect on 
human being [1], even at low concentration [2]. Separa-
tion of heavy metals from water is an important target for 
environmental research since they are not biodegradable 
and thus could accumulate in our environment [3]. Lead is 
one of the most dangerous elements in soil, air and water. 
Aquatic environment could be polluted with lead from 
waste of industrial plants like fertilizers, batteries, pesti-
cides, and solder [4]. While cadmium comes from earth’s 
crust, fossil fuels, smelting, plastic industry, metal plating, 
electronic industry, and tobacco fume [5]. Mean wile chro-
mium exists naturally in volcanic dust, soil, and rocks. The 
most common oxidation states of chromium are Cr(III) and 
Cr(VI) [6]. The latter is a strong oxidizing agent that is used 

in many industrial processes, such as printing, leather tan-
ning and steel manufacturing. Cr(VI) is the most toxic form 
of chromium since it is highly soluble and can enter the bio-
logical cells causing dermatoxicity, neurotoxicity, genotox-
icity, and carcinogenicity [7,8].

Chitosan (poly(β-1-4)-2-amino-2-deoxy-D-glucopy-
ranose) is a biopolymer produced from N-deacetylation 
of chitin, a major component of crustacean shells, and is 
readily available from seafood-processing wastes. The high 
proportion of amino functions in chitosan provide binding 
properties for many metal ions [9]. Chitosan is an econom-
ical, efficient, and safe biosorbent from marine waste [10]. 
Consequently, many studies have been conducted on using 
chitosan flakes or hydrogel beads for heavy metal removal 
from wastewater [9,11].

Since chitosan is normally soluble at pH < 6.5 [12], neu-
tral and basic media are not suitable for studying adsorp-
tion becasue of precipitaion of heavy metals and since most 
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polluted industrial effluents are acidic. Furthermore, flake 
and powder forms of chitosan are not suitable for use as 
adsorbents for heavy metal ions due to their low surface 
areas and nonporosity. This can be avoided by casting chi-
tosan beads with high porosity and large surface area mate-
rials followed by crosslinking to make beads stable in acidic 
medium. Although crosslinking enhances resistance of chi-
tosan to acids, it reduces its adsorption capacity [13]. Sev-
eral crosslinking agents were proposed for reinforcement of 
chemical stability of chitosan like glutaraldehyde, ethylene 
glycol, diglycidyl ether, epichlorohydrin and tripolyphos-
phate [14]. The adsorption capcity of Pb(II) onto chitosan 
beads crosslinked with glutaraldehyde was 79.2 mg/g [15] 
and the adsorption capacity of Cr(VI) on chitosan nanopart-
ciles crosslinked with tripolyphosphate was 68.9 mg/g [14]. 

Humic acid (HA) is a subclass of humic substances 
(major component of soil organic matter) and generally 
displays macromolecular characteristics. HA contains car-
boxylic and phenolic groups and consequently can carry 
negative charge in aqueous solutions [9]. HA is soluble in 
aqueous solution, and precipitate as colloidal material when 
pH is decreased below 2 [15]. HA can effectively adsorb dif-
ferent heavy metal ions from aqueous solution and thus, it 
affects the fate of contaminants in soils and sediments [16].

Although the complexation of HA with heavy metal ions 
was studied extensively, it is very difficult to use HA as a 
solid adsorbent for heavy metal ions because of its solubility 
in water at pH > 2 [16]. Several methods have been used to 
decrease the solubility of HA by heating at 330°C and using 
supports like calcium alginate gel and activated carbon. 
These treatments of HA resulted in significant decrease in the 
adsorption capacity of HA [17]. Zhao and Binjiang prepared 
HA coated Fe3O4 nanoparticles (Fe3O4/HA) for the removal 
of heavy metals from water with adsorption capacities from 
46.3 to 97.7 mg/g. The Fe3O4/HA composite was effective in 
removing more than 95% of Hg(II), Pb(II), Cu(II) and Cd(II) 
from natural and tap water. The Fe3O4/HA is stable in tap 
water, natural waters, acidic and basic solutions [18].

Chitosan and HA were reported to interact strongly 
with each other. The adsorption capacity of humic acid 
on chitosan was reported to be 28.88 mg/g at pH 3.07 and 
decrease with the increase of pH [11]. The adsorption of HA 
on chitosan (coated on polyethyleneterphthalate granules) 
was found to be pH dependent; strong at pH ≤ 6.5 and weak 
at basic conditions. X-ray photoelectron spectroscopy (XPS) 
indicated the formation of organic complex between the 
protonated amino groups of the chitosan and carboxylates 
of HA. The amino groups in the chitosan (pKa = 6.3–6.6) 
were protonated in the acidic medium and subsequently 
interacted with the carboxylic groups of HA to form the 
organic complexes ~~~NH3

+ ···−OOC~~~[9, 11]. Zeta poten-
tial measurements indicated that at pH > 3, the carboxylic 
groups of HA are dissociated into carboxylates and the 
amine groups of chitosan are protonated, which support the 
same mechanism of interaction [19]. Wan Ngah and Hana-
fiah suggested the same mechanism depending on their 
results of adsorption of HA on chitosan beads (cross-linked 
with epichlorohydrin). The adsorption capacity was found 
to be 44.84 mg HA/g chitosan [20].

Santosa et al. [21] prepared a hybrid of HA and chitin 
by mixing gelatinous chitin (dissolved in HCl solution) 
and HA (dissolved in NaOH solution) in 20:1 mass ratio. 

The immobilization of HA on chitin was assumed to occur 
through condensation reaction between the protonated 
N-acetyl group of chitin and carboxylate of HA. The chi-
tin-HA coupling product showed slightly higher metal-ion 
adsorption capacity (5.9 mg/g) towards Ni(II) than chitin 
alone (4.4 mg/g). The interesting finding of this study was 
that the Langmuir affinity constant KL of chitin-HA (5892 
L/mol) was much higher than that of chitin (11.86 L/mol). 
The extremely high KL value is an indication that chitin-HA 
product is efficient in removal of Ni(II) even at very low 
concentrations of Ni(II) [21]. The adsorption capacity of 
Cd(II) on hybrid of chitosan-HA (using glutaraldehyde 
cross-linker) was extremely high 334mg/g [22]. However, 
the problem was that the adsorption experiments in these 
studies were carried out using high metal concentration at 
pH 7 which causes precipitation of metal ions.

Repo et al. [23] investigated adsorption of Co(II) and 
Ni(II) on chitosan modified with ethylenediaminetetraacetic 
acid (EDTA) or diethylenetriaminepentaacetic acid (DTPA). 
The produced EDTA-chitosan and DTPA-chitosan products 
were very stable in 2 M HNO3 solution and thus could be 
regenerated after being used as adsorbents for heavy metals. 
The maximum adsorption capacity of Co(II) and Ni(II) were 
63.0 and 71.0 mg/g, respectively, in the case of EDTA-chi-
tosan and 49.1 and 53.1 mg/g, respectively, in the case of 
DTPA-chitosan. This chemical modification of chitosan 
improved remarkably its adsorption capacity (2.5 mg/g in 
the case of adsorption of Co(II) by unmodified chitosan). The 
effect of pH on adsorption was significant because as the pH 
increased from 1 to 2, the % uptake of Co(II) by EDTA-chi-
tosan increased from 20 to 90% [23]. Similar modification was 
reported by reacting chitosan with ethylene glycol-bis(2-am-
inoethylether)-N,N,N,N`-tetraacetic acid (EGTA). The 
adsorption capacity of Pb(II) and Cd(II) by EGTA-chitosan 
were 103.6 and 84.3 mg/g, respectively. It was shown that 
the adsorption capacity is fast and within 5 min, 60–70% of 
the maximum uptake of Pb(II) and Cd(II) were removed by 
EGTA-chitosan. The adsorption mechanism was assumed to 
be coordination of Pb(II) and Cd(II) to carboxyl oxygens and 
aminenitrogens to form stable chelates [24].

In the same line of research, Zhao et al. prepared mag-
netic chitosan by reacting chitosan with Fe3O4 nanoparticles 
using glutaraldehyde, EDTA and DTPA as crosslinkers. The 
magnetic EDTA-chitosan and DTPA-chitosan were found 
to have remarkably higher metal removal than glutaralde-
hyde crosslinked magnetic chitosan. The maximum adsorp-
tion capacity of Cd(II), Co(II), Pb(II) and Ni(II) by magnetic 
EDTA-chitosan were huge 168.6, 73.1, 213.4 and 81.0 mg/g, 
respectively. On the other hand, the removal of oxymetal 
anions Cr2O7

2–, H2AsO3
– and H2AsO4

– was relatively low [25].
Both HA and chitosan are potential adsorbents for 

heavy metal ions. The solubility of HA at pH > 2 and the 
solubility of chitosan at pH < 6.5 imposed strong limitations 
on their industrial applications as adsorbents. The aim of 
the present work is to prepare a coupling product from chi-
tosan and humic acid (HA) that is insoluble in the adsorp-
tion pH working range of 2–6. The stability of the coupling 
product under different pH values will be studied and 
the nature of interaction between chitosan and HA will be 
investigated using elemental analysis, potentiometric titra-
tion, FTIR, 13C-NMR, SEM and XRD analysis. The coupling 
product will be evaluated for adsorption of metal cations 
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Pb(II), and Cd(II) and metal oxyanions (Cr2O7
2–) at different 

conditions (pH, ionic strength, metal concentration, contact 
time and temperature).

In order to evaluate the effect of the origin of HA on the 
physicochemical properties and adsorption behavior of the 
coupling product, two sources of HA were used, one from 
Fluka (FHA) and the other was extracted from Ajloun-Jor-
dan (JHA).

2. Experimental

2.1. Materials 

All chemicals were purchased from commercial sources 
as either analytical reagent grade or chemically pure grade 
and were used as received. Pb(NO3)2was from AVONCHEM, 
Cd(NO3)2·4H2O from BDH, NaOH from LOBA, NaNO3 
from Riedel-dehaen, K2Cr2O7 from UNI-CHEM, KMnO4 
from Fluka, HCl 37% from TEDIA, KCl and AgNO3 from 
Puriss, and ninhydrin from BIO BASIC INC. Silica gel (60–
200 micron) was from SDS. Chitosan (degree of deacetyla-
tion (DD) ≥ 75) was from Sigma. Two types of humic acid 
were used; one from Fluka (FHA) and the other (JHA) 
was extracted from Ajloun soil (North of Jordan) using the 
method of the International Humic Substance Society (IHSS, 
http://www.humicsubstances.org/soilhafa.html). 

2.2. Preparation of coupling products of chitosan with humic 
acid 

A sample of 2.50 g of chitosan was dissolved in 150 
mL of 0.10 M HCl solution and a separate sample of 2.50 g 
humic acid (FHA or JHA) was dissolved in 150 mL of 0.10 M 
NaOH solution. The two solutions were mixed with stirring 
and aged for 6 h at 45°C and then for 24 h at room tempera-
ture. The product was collected by filtration and the result-
ing brown coupling product was dried at 70°C for 24 h and 
sieved through mesh size (250 µm). The coupling products 
prepared from Fluka humic acidand Ajloun-Jordan humic 
acid were given the abbreviations FCP and JCP, respectively.

2.3. Characterization of coupling products of chitosan with 
humic acid

2.3.1. Solubility and stability of coupling products

A 0.10 g sample of FCP or JCP was shaken (GFL-1083 
shaker) with 50.0 mL deionized water adjusted to pH val-
ues of 2.0, 4.0, 6.0, 8.0, 10.0, and 12.0 (WTW in Lab 720 pH 
meter). The stability of the coupling product was tested by 
measuring the absorbance value (Varian Cary 100 UV-Vis-
ible spectrophotometer) of these solutions after filtration. 
The absorbance of HA was measured at 254 nm [26] and the 
absorbance of chitosan was measured at 570 nm for the chi-
tosan-ninhydrin complex [27].

2.3.2. Total acidity

In a 100-mL polyethylene vessel, 0.0500 g of FHA, JHA, 
FCP and JCP samples were shaken with an excess of 0.10 
M Ba(OH)2 (50.0 mL) solution under nitrogen for 24 h. The 

suspensions were filtered, washed and the filtrates were 
titrated with 0.10 M HCl solution to pH = 8.4. A blank solu-
tion of 50.0 mL of 0.10 M Ba(OH)2 was subjected to the same 
procedure [28].

2.3.3. Potentiometric titration

The titration curves were obtained by addition of small 
increments of 0.050 M NaOH to 50.0 mL of deionized water 
containing 0.1000 g of sample under nitrogen [29]. The pH 
was measured after each addition under continuous flow of 
nitrogen gas.

Elemental analysis was done using Euro Vector 3000 Ele-
mental Analyzer. FTIR spectra were recorded using Thermo 
Nicolet NEXUS 70 spectrophotometer. XRD patterns were 
obtained by Shimadzu XRD 6000 equipped with CuK α 
radiation source using Ni as filter and operated at 30 kV/30 
mA. The FEI inspect F50 scanning electron microscopy was 
used to record SEM graphs of the samples after coating 
with platinum. Solid 13C-NMR spectra were obtained using 
Bruker DPX-500 spectrometer.

2.4. Adsorption experiments

2.4.1. Effect of pH

A 25.0 mL of stock solution (200 ppm) of metal ion was 
added into 100-mL volumetric flask and was diluted with 
deionized water until reached about 90 mL. The solution 
was transferred into a beaker and the pH was adjusted to 
6.0 using drops of 0.050 M HCl or 0.050 M NaOH. Then 
the solution was returned into the volumetric flask and 
deionized water was added to the mark. The process was 
repeated and the pH was adjusted to 2.0, 3.0, 4.0 and 5.0. 
Each 100.0 mL solution was divided into two 50.0 mL por-
tions in closed plastic containers and 0.0500 g of coupling 
products (FCP or JCP) was added to one portion and the 
second portion was kept as a reference standard. The ten 
plastic containers were placed in the shaker for 24 h, and 
then the solutions were filtered and the concentrations of 
metal ions were determined using atomic absorption spec-
trometer (Varian Spectra AA–250 pulse).

The equilibrium amount of metal ions adsorbed (qe, 
mg/g) by the coupling product was obtained using Eq. (1):

q
C C

m
Ve

i e=
−( ) � (1)

where Ci is the initial metal ion concentration (ppm), Ce is 
the remaining concentration of the metal ion in solution 
after adsorption (ppm), V is the volume of solution (L) and 
m is the mass of adsorbent (g). The percentage of metal up 
take was calculated using Eq. (2) [30]:

% %
( )

Metal uptake = ×
−C C
C

i e

i

100 � (2)

2.4.2. Effect of ionic strength

The effect of pH experiments were repeated using 0.50 
M NaNO3 solution instead of deionized water in prepara-
tion of stock, standard and sample solutions. 
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2.4.3. Adsorption isotherms

The adsorption isotherms were obtained by agitating 
0.0500 g of coupling product with 50.0 mL of varying con-
centrations of metal ions from 10 to 200 ppm at 25°C. The 
pH of the solutions of Pb(II) and Cd(II), was adjusted to 5.5, 
while the pH of the solution of Cr(VI) was adjusted to 2.0. 
The solutions were shaken for 24 h. The suspensions were 
filtered, and the filtrates were analyzed for metal ions con-
centration.

2.4.4. Kinetic study

A 0.0500 g of coupling product was placed in a flask con-
taining 50.0 mL of 100 ppm metal ion solution. The pH of 
the solution was fixed at 5.5 in the case of Pb(II) and Cd(II) 
from 2.0 in the case of Cr(VI). The flasks were shaken for 
different times range 5 min to 32 h, then the solutions were 
filtered and the metal concentrations were determined.

2.4.5. Effect of temperature

A 0.0500 g of coupling product samples were placed 
in flasks containing 50.0 mL of 100 ppm metal solution. 
The pH of the solution was fixed at 5.5 in the case of Pb(II) 
and Cd(II) and at 2.0 in the case of Cr(VI). The flasks were 
shaken at 25, 35, 45 and 55°C. After 24 h, the suspensions 
were filtered and the metal concentrations in the filtrates 
were determined.

2.4.6. Desorption experiments

Desorption of metal-loaded coupling product was con-
ducted by mixing 0.1 g of the loaded coupling product with 
0.20 M solutions of NaCl, NaNO3, Na2SO4, HCl, HNO3 and 
H2SO4 for 24 h. The % desorption was calculated by divid-
ing the amount of metal ion in solution by the concentration 
of metal ion loaded.

3. Results and discussion

3.1. Characterization of coupling products (FCP and JCP)

3.1.1. Solubility of FCP and JCP

FCP and JCP were insoluble in water and in most 
known organic solvents like acetone, chloroform, dichloro-
methane, DMF, DMSO, benzene, pyridine and acetonitrile. 
Both FCP and JCP were shaken in deionized water adjusted 
to pH values of 2, 4, 6, 8, 10 and 12. They were found visu-
ally to be completely insoluble in this pH range and the 
stability of the coupling products was further confirmed 
by measuring the absorbance (Table 1) of these solutions. 
The absorbance of leached HA was measured at 254 nm [26] 
and the absorbance of leached chitosan was measured at 
570 nm after complexation of ninhydrin [27].The coupling 
products were stable and did not decomposed as revealed 
by the small measured values of absorbance. This indicted 
the unique property of CP that is different from free chi-
tosan and free HA which are soluble at pH< 6.5 and pH > 2, 
respectively [12,31]. Thus, the coupling products FCP and 
JCP could be used as adsorbents for heavy metal ions in the 
pH range from 2 to 6.

3.1.2. Total acidity

The total acidity of FCP, FHA,JCP and JHA was deter-
mined by titration with Ba(OH)2 and found to be 6.30, 11.34, 
15.12 and 31.50 mmol/g, respectively. FCP and JCP have 
less acidic groups than their precursors FHA and JHA. This 
reduction of acidic groups of HA upon coupling with chi-
tosan is due to the fact that these groups were utilized in 
binding through the physical/chemical reaction of carbox-
ylic or phenolic groups of HA with the amine or hydroxyl 
groups of chitosan.

3.1.3 pH-titration curves

The pH titration curves of FCP, FHA and water (as a 
reference) with NaOH are given in Fig. 1. The pH titration 

Table 1
Absorbance values of HA and chitosan after leaching of 0.05 g 
FCP with 50 mL leaching solutions at different pH values

pH of leaching 
solution

Absorbance at  
254 nm for HA

Absorbance at 570 nm for 
chitosan-ninhydrin complex

2 0.0377 0.000175

4 0.02205 0.00355

6 0.01865 0.006075

8 0.01965 0.006275

10 0.02715 0.010375

12 0.073625 0.0081

Fig. 1. pH titration curves of A: FCP, FHA, H2O and. B: JCP, JHA, 
H2O.
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curve of FHA started from a pH value 6.36 which was 
close to the pH of water (6.43). However, addition of small 
amounts of 0.01 M NaOH, raises the pH of water above 10 
whereas the solution containing FHA resist increase in pH. 
The difference between the titration curve of water and that 
of FHA indicates clearly that FHA contains plenty of acidic 
sites that can react with NaOH added during the course of 
titration. The number of these acidic sites was reduced in 
the coupling product FCP as indicated by the closeness of 
the curves of FCP and water. Similar behavior was observed 
in the case of JCP and JHA (Fig. 1).

3.1.4. Elemental analysis

Elemental analyses of chitosan, FHA, JHA, FCP and JCP 
are given in Table 2. The HA loading on chitosan (% HA) 
was calculated for FCP and JCP using Eq. (3) which was 
reported by Zhao et al. for calculation of the loading of eth-
ylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic 
acid (EGTA) in the coupling product with chitosan [24].

W W HA W HACP HA chitosan= × + −% ( % )1 � (3)

where WHA, Wchitosan and WCP are the nitrogen content of HA, 
chitosan and coupling product (FCP and JCP), respectively.
The percentage of HA in FCP and JCP were calculated to be 
47.8% and 56.5%, respectively. These values were close to 
the percentage of EGTA in EGTA-chitosan found by Zhao et 
al., which was 50.8% [24].

3.1.5. FTIR study

The FTIR absorption bands of FCP, FHA, JCP, JHA and 
chitosan are given in Table 3. Analysis of the FTIR data 
(Table 3) indicated formation of the amide group in the cou-
pling products FCP and JCP which were similar to those 
found in proteins FTIR [32]. The amide I band of FCP and 
JCP was observed at 1645 cm–1 and 1633 cm–1, respectively 
and amide II was observed at 1566 and 1576 cm–1, respec-
tively. The amide III was detected at 1384 and 1378 cm–1 in the 
spectra of FCP and JCP, respectively. The C-N stretching band 
was observed as a strong band at 1473 and 1471 cm–1 in the 
spectra of FCP and JCP, respectively. The N-H out of plane 
band was detected at 721 cm–1. The C-N stretching and the 
N-H out of plane bands were well resolved from other bands 
and appear only in the spectra of the coupling products FCP 
and JCP. Another interesting band was found at 1725 and 
1722 cm–1 in the spectra of FCP and JCP, respectively, and 

absent in the spectra of starting materials chitosan, FHA and 
JHA (Figs. 2 and 3). This band is far from the amide range, 
but close to the ester range [33]. Similar band at 1706 cm–1 was 
observed in the FTIR spectrum of chitosan cross-linked with 
glutaraldehyde [34]. The main contradiction to the formation 
of amide or ester bond assumption was the disappearance 
of this band upon complexation of FCP with Pb(II) (Fig. 2).

Another possible mechanism is the formation of Chi-
tosan -NH3

+….–OOC-HA physical adduct in the coupling 
products which could be confirmed by three regions in the 
spectra:

1.	 The coupling product has many common features 
with those reported for zwitter ionic structure of 
glycine [35]. The most interesting evidence that 
supports this hypothesis was the effect of coupling 
reaction on the asymmetric and symmetric stretch-
ing vibrations of C-H observed at 2920 and 2850 
cm–1 in HA and chitosan. Noticeable amplification 
of the intensity of these bands was observed in the 
FTIR spectra of FCP (Fig. 3) and JCP. Zwitter ionic 
glycine showed strong absorption of NH3 stretching 
in this region and so this amplification may be due 
to –NH3

+ stretching.
2.	 The bands observed at 1725 and 1722 cm–1 in the FTIR 

spectra of FCP (Fig. 3) and JCP could be assigned to 
C = O stretching because a similar band at 1745 cm–1 
in the FTIR of glycine [35].

3.	 The bands observed at 1473 and 1471 cm–1 in the FTIR 
spectra of FCP and JCP were assigned to intradimeric 
C-O (H) stretching which is close to that observed in 
the FTIR spectrum of glycine at 1437 cm–1 [35].

Intesrestingly these three bands disappeared by com-
plexation of the coupling product with Pb(II) (Fig. 2). This 
indicates that metal ions interrupt the coupling product by 
chelation between the amino group of chitosan and humic 
acid carboxylate as shown in Eq. (4):

Chitosan~~NH3
+….–OOC~~HA + M2+→  

Chitosan~~NH2…M2+...–OOC~~HA + H+� (4)

3.1.6. SEM and XRD

The SEM graphs of FCP and JCP (Fig. 4) indicated 
a compact tight surface of these materials due to the for-
mation of chemical/physical bonds between the highly 

Table 2
Elemental analysis of chitosan, FHA, JHA, FCP and JCP

Polymer % C % N % H % O* % ash % HA in coupling product

Chitosan 40.409 7.468 7.362 44.761 0
FHA 46.083 1.297 4.472 28.148 20
JHA 30.444 1.922 3.197 34.437 30
FCP 42.551 4.518 6.305 36.626 10 47.8%
JCP 35.835 4.335 5.241 39.589 15 56.5%

*%O = 100 – (% C + % N + % H + % ash)
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functionalized HA and chitosan. The XRD patterns (Fig. 5) 
showed some crystallinity in the coupling products similar 
to that found in HA and chitosan.

Fig. 2. FTIR spectra for chitosan, FHA, FCP and FCP-Pb(II) com-
plex.

Fig. 3. FTIR spectra for FCP, FHA andchitosan. 

Table 3
FTIR absorption bands of chitosan, FHA, JHA, FCP and JCP*

Assignment assuming 
covalent coupling

Assignment assuming physical 
coupling

Chitosan FHA JHA FCP JCP

H-bonded O-H and NH 
stretching

H-bonded O-H stretching 3200–3600 
(br)

3200–3600 
(br)

3200–3600 
(br)

3200–3600 
(br)

3200–3600 
(br)

Aliphatic C-H stretching Aliphatic C-H and N-H 
stretching

2922(w)
2850(w)

2920(w)
2843(w)

2920(w)
2850(w)

2920(s)
2850(s)

2932(s)
2833(s)

C = O stretching of ester 
groups

C = O stretching of carboxylic 
dimer

– – – 1725(s) 1722(s)

C = O stretching of quinones, 
and amide band (I)

Asymmetric NH3 bending,  
C = O stretching of quinones, 
and amide band (I)

1643(s) 1632(s) 1633(s) 1645(s) 1633(s)

C = O stretching of quinones, 
and amide band (II)

C = O stretching of quinones, 
and amide band (II)

1557(sh) 1570(sh) 1560(sh) 1566(sh) 1576(sh)

Amide C-N stretching Symmetric NH3 bending, 
C-O(H) stretching of carboxylic 
dimer

– – – 1473(s) 1471(s)

O-H deformation, symmetric 
stretching of COO–, and 
amide band (III)

O-H deformation, symmetric 
stretching of COO–, and amide 
band (III)

1384(s) 1384(m) 1384(m) 1384(s) 1378(s)

C-O stretching of phenolic 
groups

C-O stretching of phenolic 
groups

1273(s) 1278(s)

C-O stretching of various 
aliphatic groups

C-O stretching of various 
aliphatic groups.

1157(s) 
1080(s)

1097(sh) 
1038(s)

1114 (sh) 
1036(s)

1118(s) 
1070(s)

1163(sh) 
1121(s) 
1068(s) 
1025(s)

N-H out of plane bending N-H out of plane bending – – – 721(s) 721(s)

*Broad (br), strong (s), medium (m), weak (w) and shoulder (sh). Assignment of HA bands were according to Refs. [51,52]. Assignments 
of chitosan bands were according to Ref. [14,34]. Assignments of coupling products bands were according to Ref. [32,35].
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3.1.7. Solid 13C-NMR

The Solid 13C-NMR spectra of FCP, FHA, JCP, JHA, and 
chitosan are given in Fig. 6. Only the aliphatic part of HA 
was detected in the spectra at 32 ppm while the carbonyl 
and aromatic carbons were hardly detected. Since no fun-
damental changes occurred upon coupling, the spectra sup-
ported the idea that physical rather than chemical reaction 
occurred between chitosan and HA.

3.2. Adsorption studies

3.2.1. Effect of pH on metal-ion uptake

The pH dependence of metal ions uptake (Fig. 7) was 
investigated in the pH range from 2.0 to 6.0 under contin-
uous shaking of metal ions solutions with solid FCP or JCP 
for a fixed contact time of 24 h at 25°C and ionic strength I 
= 0.0 and 0.5 M. High pH values above 6.0 were avoided to 
prevent precipitation of the metal ions as hydroxides which 
interfere with adsorption. 

The % uptake of Pb(II) by FCP and JCP was found 
to increase dramatically from less than 5% to more than 
75% with increase of pH of solutions from 2.0 to 6.0. 
On the other hand, the % uptake of Cd(II) on FCP and 
JCP were found to increase from less than 6% to about 
30% with increase of pH of solutions from 2.0 to 6. The 

pH-dependent functional groups expected to be available 
in FCP and JCP are the carboxylic, phenolic groups (from 
HA), and amine groups (from chitosan). The carboxylic 
groups of HA have pKa = 2.9 [36], so they are expected to 
be active sites (deprotonated) in the pH range from 2 to 6. 
On the other hand, phenolic groups with pKa = 8.0 [36] 
and amine groups with pKa = 6.3–7.2 [37] are not expected 
to participate in adsorption because they are protonated 
the range of pH from 2 to 6. At pH 2, there will be a great 
competition between the H+ present in solution and cat-
ionic Pb(II) and Cd(II) for adsorption on the carboxylate 
sites of the coupling product. Thus, the increase of pH will 
decrease competition of H+ with Pb(II) and Cd(II) on inter-
action with the carboxylate groups.

The % uptake of Cr2O7
2– by FCP and JCP were found to 

increase from less than 6% to more than 50% with decrease 

Fig. 4. SEM micrograph for FCP (top) and JCP (bottom) at mag-
nifications 40000x.

Fig. 5. XRD pattern of chitosan, FHA, FCP, JHA and JCP.
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of the pH of the solutions from 6.0 to 2.0 (Fig. 7). Decreas-
ing the pH causes protonation of amine groups and makes 
interaction with anionic Cr2O7

2– more favored. Thus, in the 
coupling products, carboxylates groups contributed by HA 
are the most probable sites for adsorption of Pb(II) and 
Cd(II) while ammonium form of amine groups contributed 
by chitosan are the active sites for adsorption of anionic 
Cr2O7

2–.
Shaker et al. [38] reported an increase of adsorption of 

Cr2O7
2– on HA with increase of pH. Dima et al. [14] reported 

an increase of Cr2O7
2– adsorption on chitosan with increase 

of pH. In the present work, the unique behavior observed 
for increasing Cr2O7

2– adsorption on FCP and JCP with 
decreasing pH indicated that the coupling products are dif-
ferent from free HA and free chitosan. However, Dima et al. 
[14] found that the adsorption of Cr2O7

2– on chitosan cross-
linked with tripolyphosphate increases with decreasing 
pH, which is a similar behavior to what has been observed 
in the present work.

The adsorption of the anions permanganate MnO4
– and 

nitrate NO3
– on FCP and JCP was studied, but no detectable 

amounts of these anions were adsorbed in the pH range 
from 2.0 to 6.0.

3.2.2. Effect of ionic strength on metal-ion uptake

Kinniburgh et al. showed that the negative charge 
on HA decreases as the ionic strength increases. Further-
more, increasing ionic strength increases the competition 
between the cation of the added electrolyte (Na+ for exam-
ples) and the metal ion adsorbed [39]. Also it was reported 
that aggregation of HA coils in highly ionic strength 
media, makes adsorption sites less accessible to metal ions 
[40]. Thus, increasing ionic strength of solutions should 
reduce adsorption of Pb(II) and Cd(II) on FCP and JCP 
if they have similar character to HA and chitosan. Actu-
ally, the reverse was observed in the present work. Fig. 
7 shows that the % uptake of Pb(II) and Cd(II) increases 
with increasing ionic strength from I = 0.0 to 0.5 M NaNO3. 
This is a clear evidence for the unique behavior of FCP and 
JCP when compared with HA and chitosan. The positive 
effect of Na+ on adsorption of Pb(II) and Cd(II) may be 
due to ability of Na+ to disrupt the ~~~NH3

+…..–OOC~~~ 
aggregate and thus facilitates carboxylate sites to chelate 
Pb(II) and Cd(II). There is no competition between M2+ [Eq. 
(5)] and Na+ [Eq. (6)] because the interaction of M2+ with 
carboxylate is not electrostatic, rather it is specific chem-
ical chelation.

Fig. 6. Solid 13C-NMR spectra of chitosan, FHA, FCP, JHA, JCP. 

Fig. 7. Effect of pH on Pb(II), Cd(II), Cr2O7
2– uptake by FCP and 

JCP at ionic strength = 0 and 0.5.
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~~~NH3
+…..–OOC~~~ + M(NO3)2 → 

                                    ~~~NH3
+NO3

– + M(OOC~~~)2� (5)

~~~NH3
+…..–OOC~~~ + NaNO3 →  

                                    ~~~NH3
+NO3

– + Na+OOC~~~� (6)

~~~NH3
+…..–OOC~~~ + K2Cr2O7 →  

                                    (~~~NH3)2Cr2O7 + K+OOC~~~� (7)

However, in the case of adsorption of Cr2O7
2– onto 

FCP and JCP (Fig. 7), which is typical electrostatic interac-
tion, increasing ionic strength caused a decrease in the % 
uptake. This can be explained by the fact that increasing 
ionic strength using NaNO3 will increase the competition 
between NO3

– [Eq. (6)] and Cr2O7
2– [Eq. (7)] for electrostatic 

interaction with the positively charged protonated amine 
groups of FCP and JCP.

3.2.3. Adsorption isotherms

The adsorption isotherms of Pb(II) and Cd(II) were car-
ried out at ionic strength = 0.0 and pH = 5.5 for 24 h. On 
the other hand, the adsorption isotherms of Cr2O7

2– were 
performed at pH 2.0 because this pH gives the highest 
uptake for Cr2O7

2– (Section 3.2.1). The plots of adsorption 
isotherms are given in Fig. 8. The Langmuir model [Eq. (8)] 
was widely used to fit adsorption isotherms [41]:

q
q K C

K Ce
m L e

L e

=
+

.
( . )1

� (8)

where qe is the equilibrium amount of adsorbate per unit 
mass of adsorbent (mg/g ), Ce is the equilibrium concen-
tration of adsorbate (mg/L), qm is the adsorption capacity 
of the monolayer (mg/g), and KL is the Langmuir constant 
related to the energy and affinity of binding sites of adsorp-
tion (L/mg) [42]. A linearized Langmuir form [Eq. (9)] can 
be obtained by taking the inverse of both sides of Eq. (8) and 
multiplyingby Ce [43]:

C
q q K q

Ce

e m L m
e= +







1 1

( )
� (9)

Linear Langmuir plots of Ce/qe versus Ce gave straight 
lines (Fig. 8) so that the slopes can be used to determine 
the adsorption capacities qm and the intercepts can be used 
to calculate the affinity constants KL (Table 4). The inter-
esting finding was that FCP and JCP has a unique affinity 
to adsorb both metal cations Pb(II) and Cd(II) and anions 
(Cr2O7

2–). This is due to the presence of carboxylate that is 
accessible for metal cations and also ammonium groups 
that can attract metal anions.

The Pb(II) had higher qm values than Cd(II) which can 
be explained depending on Hard and Soft Acids and Bases 
principle (HSAB). HSAB predicts that Pb(II) is a softer cat-
ion than Cd(II) that is capable of forming stronger surface 
complexes with soft Lewis bases such as carboxylate [44].

Fig. 8. Adsorption isotherms of Pb(II), Cd(II) and Cr2O7
2– by FCP and JCP at 25°C. 
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The adsorption capacity of free chitosan toward Pb(II) 
was reported to be 0.73 mmol/g at pH 5 [45], and the 
adsorption capacity of chitosan toward Cr(VI) was reported 
to be 4.81 mmol/g [14]. Attempts to blend chitosan in order 
to reduce its solubility resulted in reduction of qm of Pb(II) 
to 0.36 mmol/g in the case of chitosan cross-linked using 
glutaraldehyde [13], 0.16 mmol/g for Cd(II) in the case of 
chitosan nanoparticles prepared by emulsion crosslinking 
with glutaraldehyde [34], and 1.33 mmol/g for Cr(VI) in the 
case of chitosan cross-linked with tripolyphosphate [14]. 
These reported values for cross-linked chitosan are compa-
rable or smaller than those found in the present work for 
FCP and JCP (0.2-1.0 mmol/g, Table 4). Thus, one can arrive 
to the conclusion that cross-liniking or coupling of chitosan, 
although results in reduction of solubility of chitosan, 
results in reduction of adsorption capacity due to reduction 
in surface functional groups.

The adsorption capacity of Cu(II) on solid HA at pH 
2.0 was reported to be 0.16 mmol/g [16]. Also, if HA was 
subjected to thermal treatment (to decrease HA solubility 
in water), the qm value of adsorption of Pb(II) was reported 
to be 0.19 mmol/g [17]. The values of qm, obtained in the 
present work for adsorption of Pb(II) on FCP and JCP 
(0.2–1.0 mmol/g), were higher than those of thermally 
treated HA. Furthermore, coupling of HA with chitosan 
has the advantage of reducing the toxicity resulted from 
dissolving of HA during adsorption of heavy metal ions 
and the bad side effects on health mentioned in the intro-
duction.

However, we believe that the huge functionality of HA 
and chitosan are enough to satisfy coupling reaction with 
plenty of functional groups remaining after coupling. Actu-
ally, the reason beyond reduction of adsorption capacity of 
FCP and JCP may be due to the strong physical/chemical 
bonding between the HA and chitosan moieties in the cou-
pling products. Thus, it was worth to test adsorption capac-
ity of FCP prepared in the presence of large surface area 
silica gel (60–200 microns). The fabricated FCP/silica prod-
uct was found to have high adsorption capacity towards 
Pb(II) (Fig. 9) which reached 44.25 mg Pb(II)/g FCP-Silica 
which is equivalent to 486 mg Pb(II)/ g FCP assuming that 
silica gel has low adsorption capacity toward of Pb(II). Tran 
et al. reported an adsorption capacity qm of 1.86 mg/g for 

adsorption of Pb(II) on silica gel at pH 5.15 [46]. Kushwaha 
et al. functionalized silica gel with 2-thiophenecarbonyl, 
2-furoyl and L-proline to increase the qm value from 15.62 
mg/g for silica gel to reach 22.2 mg/g for silica gel function-
alized with L-proline [47].

It is worth to mention that both FCP and fabricated 
FCP-silica were found to be very effective in removal of 

Table 4
Calculated values of Langmuir parameters for the adsorption of Pb(II), Cd(II) and Cr2O7

2– onto FCP and JCP at 25°C

FCP

Langmuir isotherm
Metal qm (mg/g) qm (mmol/g) KL (L/mg) KL (L/mmol) R2

Pb(II) 33.00 0.159 0.24 49.73 0.9962
Cd(II) 24.69 0.219 0.14 15.74 0.9950
Cr(VI) 56.50 (117.35)* 1.087 0.04 2.080 0.9994

JCP

Langmuir isotherm
Metal qm (mg/g) qm (mmol/g) KL (L/mg) KL (L/mmol) R2

Pb(II) 54.94 0.265 0.09 18.648 0.9924
Cd(II) 20.08 0.179 0.04 4.496 0.9967
Cr(VI) 54.05 (112.26)* 1.040 0.02 1.040 0.9938

Fig. 9. Adsorption isotherms of Pb(II) on fabricated FCP/silica 
gel at pH = 5.5 and 25°C. 
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Pb(II) from relatively low concentrations of Pb(II) (less than 
30 ppm ) with 100% uptake in the case of fabricated FCP-sil-
ica (Figs. 8 and 9). This efficiency is due to the remarkably 
high KLvalue obtained in the case of fabricated FCP/silica 
(KL = 0.44 L/mg) and FCP (KL = 0.24 L/mg).It is worth men-
tioning that KL values reported for adsorption of Pb(II) on 
silica gel were also large 0.129 [46] and 0.2375 [47]. This may 
indicate that silica gel play a role in increasing the KL value 
of fabricated FCP/silica.

3.2.4. Kinetics of adsorption of metal ions on FCP and JCP

The rate of adsorption of Pb(II) and Cd(II) at pH 5.5 
and Cr2O7

2– at pH 2.0 onto FCP and JCP was investigated by 
batch equilibration technique as a function of contact time 
ranging from 5 min (300 s) to 32 h. The initial adsorption 
rates of Pb(II), Cd(II) and Cr2O7

2– were calculated directly 
by subtracting the concentration of metal ion at a contact 
time of 300 s from the initial concentration and dividing by 
300 s. The values obtained were –4.9 × 10–7, –6.9 × 10–7 and 
–1.378 × 10–6 mol/L.s, respectively, in the case of FCP and 
–5.0 × 10–7, –5.9 × 10–7 and –2.8 × 10–6 mol/L·s, respectively 
in the case of JCP. The results revealed that the order of the 
initial adsorption rate was: Cr2O7

2– >> Cd(II) > Pb(II) and the 
values of FCP were close to those on JCP. The high initial 
adsorption rates of Cr2O7

2– compared with Pb(II) and Cd(II) 
may be due to an electrostatic mechanism of interaction, 
while heavy metal cations are chemically bonded.

Many kinetics models are available in the literature 
for fitting adsorption uptake as a function of time. They 
include pseudo first order, pseudo second order and intra-
particle diffusion models. Pseudo-second-order was found 

to have the best fitting for the data of the present work. This 
model is based on the assumption that the rate limiting step 
is chemisorption [48]. The pseudo-second-order reaction 
kinetic model can be represented as[49]:

dq
dt

k q qt
e t= −2

2( ) � (10)

where k2 is the second order reaction constant (g mg−1 s−1), qe 
and qt are the amount of metal ions adsorbed per unit mass 
of adsorbent at equilibrium and time t, respectively. Inte-
grating Eq. (10) for the boundary conditions t = 0 to t = t and 
qt = 0 to qt = qe, gives:

t
q k q

t
qt e e

= +
1

2
2 � (11)

From the plots of pseudo second order model (t versus 
t/qt) in Fig. 10, the equilibrium amount of adsorbed metal 
ion qe and the rate constants k2 for adsorption processes 
could be calculated. The results (Table 5) indicated that the 
rate constants (k2) of adsorption of metal ions on JCP are 
much higher than FCP. This is due to the fact that JCP con-
tains more acidic sites (carboxylic and phenolic) than FCP 
as indictaed by elemental analysis and pH titration studies 
(Sections 3.1.2 and 3.1.3).

The equilibrium amounts of adsorption qe obtained from 
pseudo second order model do not offer an accurate mea-
sure of adsorption capacity of metal ions because it depends 
on 100 ppm initial concentration of metal ion which does 
not necessary satisfy the conditions of saturation. So qe will 
not be discussed here because the qm obtained from Lang-
muir adsorption model (Section 3.2.3) was considered for 
comparison between metal ions, FCP and JCP.

Table 5 shows that the rate constant (k2) of adsorption of 
dichromate anion (Cr2O7

2–) is lower than that of metal cations 
Pb(II) and Cd(II). This may be due to that Pb(II) and Cd(II) 
have adsorption mechanism differ from that of Cr2O7

2–. In 
the case of FCP, Cd(II) was found to have higher adsorption 
rate constant (1.09 × 10–4) than Pb(II) (4.96 × 10–6) because the 
former has smaller ionic size (0.95 Å) than the latter (1.2 Å).

Shaker et al. reported k2 value of 7.33 × 10–5 g mg–1 

s–1 for adsorption of Cr(VI) on HA at pH = 5.5 [38]. This 

Fig. 10. Pseudo second order plots for the adsorption of Pb(II), 
Cd(II), and Cr2O7

2– ion on FCP and JCP. 

Table 5
Pseudo-second-order parameters for adsorption of Pb(II), 
Cd(II), Fe(III), and Cr2O7

2 on FCP and JCP

CP qe, exp.

(mg/g)
qe, calc.

(mg/g)
k2

(g mg−1 s−1)
R2

Pb(II)
FCP 63.32 62.11 4.96 × 10–6 0.9922
JCP 38.9 38.91 1.19 × 10–3 0.9997
Cd(II)
FCP 22.90 22.52 1.09 × 10–4 0.9985
JCP 22.80 22.68 3.20 × 10–4 0.9998
Cr(VI)
FCP 52.50 53.19 3.74 × 10–6 0.9952
JCP 46.40 45.87 2.37 × 10–5 0.9989
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where Kd is the equilibrium constant or distribution coeffi-
cient which is defined as the amount of metal ion adsorbed 
divided by the amount in solution [50]:

K
q
Cd

e

e

= �  (13)

R is the gas constant and T is the temperature in Kel-
vin. The plot of lnKd against 1/T for each metal ion (Fig. 
11) gives a linear relationship, where the values of enthalpy 
(ΔHo) and entropy (ΔSo) were obtained from the slope and 
intercept, respectively. ΔGo was calculated at 25°C using Eq. 
(14) and the results are given in Table 6.

ΔGo = ΔHo – T ΔSo� (14)

The results indicated positive values for ΔHo and ΔSo. 
Thus, the adsorption of metal ions on the coupling products 
is an endothermic process associated with an increase in 
entropy. One possible explanation of the endothermicity of 
heats of adsorption is that the metal ions are well solvated. 

rate constant was slightly higher than the rate constants 
obtained in the present work for adsorption of Cr(VI) on 
FCP and JCP (3.74 × 10–6 and 2.37 × 10–5 g/mg·s) due to the 
compact nature of the coupling products (as shown in the 
SEM, section 3.1.6.) compared with free HA.

The k2 reported for adsorption of Pb(II) on free chitosan 
was 2.11 × 10–4 g/mg·s. This value was reduced to 2.17 × 
10–5 g mg–1 s–1 in the case of chitosan cross-linked with trip-
olyphosphate [14]. The values of cross-linked chitosan were 
comparable to those obtained in the case of JCP in the pres-
ent work (2.37 × 10–5 g/mg·s). Thus, the coupling reaction 
between chitosan and JHA is like crosslinking of chitosan 
with tripolyphosphate causing reduction in k2 (as well as 
reduction in qm, Section 3.2.3) relative to free chitosan. Sim-
ilar values of rate constant k2 were obtained for adsorption 
of Pb(II) on chitosan cross-linked using glutaraldehyde 
(7.32 × 10–5 g mg–1 s–1) [13], for adsorption of Cd(II) chitosan 
nanoparticles prepared by emulsion-crosslinking method 
(2.02 × 10–5 g/mg·s) [34] and for adsorption of Pb(II) on chi-
tosan crosslinked with EDTA (4.40 × 10–5 g/mg·s) [25].

3.2.5. Thermodynamics of adsorption

Thermodynamic parameters, including ΔGo, ΔHo and 
ΔSo were calculated using Eq. (12):

ln Kd =ΔSo/R – ΔHo/RT� (12)

Tables 6
Thermodynamic parameters for adsorption of metal ions on 
FCP and JCP

CP ∆Go (kJ/
mol)

∆Ho kJ/
mol

∆So J/ 
K·mol

Pb(II)
FCP 2.48 15.84 44.40
JCP 1.60 13.12 38.66
Cd(II)
FCP 4.32 15.59 38.01
JCP 3.44 54.14 6.57
Cr(VI)
FCP 1.47 24.05 75.76
JCP -0.0893 6.11 20.78

Table 7
% Desorption of metal ions from FCP and JCP

Leaching solution FCP

Pb(II) Cd(II) Cr2O7
2–

HCl 95.93 90.61 77.33
HNO3 90.82 90.82 77.84
H2SO4 76.81 76.81 75.81
NaCl 88.03 88.03 67.94
NaNO3 95.68 95.68 67.79

JCP
HCl 68.22 84.48 66.81
HNO3 68.88 84.30 63.75
H2SO4 66.26 86.37 64.71
NaCl 67.36 82.20 60.83
NaNO3 64.25 82.54 61.49Fig. 11. Plot of Ln Kd of Pb(II), Cd(II), Cr2O7

2– as a function of 
temperature for FCP and JCP. 
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In order for the metal ions to be adsorbed, they have to 
lose part of their hydration shell. This dehydration process 
requires energy and increases the entropy. This energy of 
dehydration supersedes the exothermicity of the ions get-
ting attached to the surface.

3.2.6. Desorption experiments

The aim of this part of study is to test the possibility of 
regeneration of FCP and JCP loaded with Pb(II), Cd(II) and 
Cr2O7

2–. Five desorping agents, 0.2 M of HCl, M HNO3, M 
H2SO4, M NaCl and M NaNO3 (100 mL each) were used for 
desorbing metal ions loaded onto FCP and JCP at 25°C and 
24 h of shaking time. The results are given in Table 7. It is 
clear that all these salts and acidic solutions are effective for 
desorbing metal ions from the loaded coupling products up 
to 96% efficiency. Thus, the coupling products can be regen-
erated easily.

4. Conclusions

Humic acid and chitosan could be immobilized effec-
tively by coupling with each other. Both contain plenty 
of active functional sites for adsorption of metal ions that 
remains after coupling reaction. Furthermore, the coupling 
reaction can be carried out in the presence of large surface 
area particles like silica gel in order to spread the coupling 
product to achieve high adsorption efficiency.

Cross-linking of chitosan with humic acid is better 
than the reported cross-linking with glutaraldehyde or 
tripolyphosphate because humic acid provides more 
active sites for adsorption. Furthermore, the coupling 
products prepared in the present article are effective in 
removal of metal cations Pb(II) and Cd(II) and anions 
(Cr2O7

2–).
Chitosan interacts with humic acid through formation 

of electrostatic adduct between the ~~~NH3
+ of chitosan 

with the carboxylate (–OOC~~~) of humic acid. Pb(II), 
Cd(II) and Cr2O7

2– could interrupt this bridge by chela-
tion of metal cation with the carboxylate and the electro-
static interaction of dichromate anion with the ammonium 
group.

Symbols and abbreviations

Ce	 —	� Equilibrium concentration of metal ion in solution 
(mg/L)

FCP	 —	 Coupling product of Fluka humic with chitosan
FHA	 —	 Fluka humic acid
HA	 —	 Humic acid
JCP	 —	� Coupling product of Ajloun-Jordan humic with 

chitosan
JHA	 —	 Ajloun-Jordan humic acid
k2	 —	 The second order reaction constant (g/mg.min)
KL	 —	 Langmuir affinity constant (L/mg)
qe	 —	� the equilibrium amount of metal ion adsorbed per 

unit mass of adsorbent (mg/g)
qm	 —	� Langmuir monolayer adsorption capacity (mg/g)
qt	 —	� The amount of metal ions adsorbed (mg/g) at 

contact time t
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