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Gallium (Ga) is considered an important element in the semiconducting industry and as the lifespan of electronic 
products decrease annually Ga-containing effl uent has been increasing. The present study investigated the use of 
biodegradable polymer powders, crab shell and chitosan, in the removal of Ga(III) ions from aqueous solution. 
Ga(III) biosorption was modeled to Lagergren-fi rst, pseudo-second order and the Weber-Morris models. Equilib-
rium data was modeled to the Langmuir, Freundlich and Langmuir-Freundlich adsorption isotherms to determine 
the probable biosorption behavior of Ga(III) with the biosorbents. The biosorbents were investigated by Fourier 
Transform Infrared Spectroscopy, X-ray Diffraction and Scanning Electron Microscopy/ Energy Dispersive Spectra 
analysis.
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INTRODUCTION

Gallium (Ga) is an important doping element in 
the semiconductor industry since the discovery of its 
semiconducting properties in the 1970’s and its use is 
increasing in the electronic industry worldwide1–4. Ho-
wever, the sources of Ga are limited, thus technologies 
for Ga recovery remain important to reduce costs of Ga 
containing electronics. The dawn of the technological 
era has increased the demand for high performance 
electronics with outstanding displays, thus increasing the 
market value of Ga and related semiconductors5, 6. Over 
the period of 1992 to 2002 the importation of Ga for 
electronics increased from 17% to 65% in the United 
States of America (USA)1. In 2002 the importation of 
Ga into the USA was valued at US $6 million7. After 
the rapid growth period, 2002 to 2012, in the electronic 
industry, the imports of Ga to the USA for electronic 
components accounted for 99% of total Ga consump-
tion and were valued at about US $16 million for the 
year 20138.

Due to the high market value of Ga and its limited 
resources, various technologies have been applied over 
the past few years for the recovery of Ga. However, there 
is still a need for the implementation of technologies 
for the removal of Ga from aqueous streams to reduce 
the heavy metal content from industrial effl uents. The 
recovery of Ga from aqueous solutions can be achieved 
through several processes including: chemical precipi-
tation, solvent extraction, ion exchange etc.9–12. These 
methods are often ineffective and/or expensive when 
used for the removal of metal ions at very low concen-
trations. Biosorption continues to receive attention for 
the treatment of metal containing waste waters due to 
advantages of easy regeneration and minimal solid-liquid 
separation operation13. 

Crustacean shell powders such as crabs, shrimps and 
lobsters have the potential to remove metal ions from 
aqueous solutions due to the properties of structural 
stability, porosity, large surface areas, hydrophilicity, 
and metal binding functional groups14. Crab shell waste 

represents a promising adsorbent due to its low costs 
and little treatment needed for the preparation of the 
biosorbent. Crayfi sh carapace shell powder was used 
as a low cost adsorbent for the successful removal of 
divalent metal ions such as copper, cadmium, zinc, and 
lead15. Rannia rannia crab shell contains large amounts 
of mineral salts, proteins and chitin, which has calcium 
carbonate, sulfur and acetyl amine functional groups 
that chelates with metal ions through donor ligands16. 

Chitosan, ((1-4)-linked2acetamido-2-deoxy-β-D-
-glucan), is an isolated product of second most abundant 
natural polymer, chitin. The biopolymer chitosan can be 
viewed as an economical and attractive material due to 
various possible chemical modifi cations, which can be 
made to improve its biocompatibility and biodegradabili-
ty17–19. Previous studies reported the various modifi cations 
of chitosan to increase its adsorption capacity for metal 
ions20. These chemical modifi cations can improve the 
biocompatibility, chemical stability, mechanical strength 
and other physicochemical properties but are limited in 
practical application due to the high costs required for 
the chemical treatment15. Therefore, this study utilizes 
the chitosan powder extracted from Rannia rannia crab 
and its plain shell powder as biosorbents for the removal 
of Ga(III) ion. Though crustacean shell powders were 
used as low costs biosorbents for the removal of heavy 
metals and non-metals, to the best of our knowledge this 
is the fi rst kind of study that uses crab shell powder and 
chitosan powder extracted from Rannia rannia crab for 
the removal of the heavy metal ion Ga(III). 

The main objective of this study is to evaluate the 
biosorption behavior and capacities of crab shell powder 
and chitosan powder for the biosorption of Ga(III). The 
subsequent adsorption data is subjected to kinetic models 
to determine the probable kinetic order of biosorption 
and applied to isotherm models for the determination of 
the possible mechanism of biosorption. The biosorbents 
are characterized to confi rm the accumulation of gallium 
on the surface of the biosorbents.
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MATERIAL AND METHODS

Material
Stock solutions of various concentrations of Ga(III) 

were prepared by diluting the original solution of 1000 
mgL–1 obtained from Merck Co. Ltd. Germany. The 
Ga(III) was present in the form of Ga2O3 in 2–3% HNO3 
solution. Each stock solution was used within 24 hours 
of dilution to reduce the possible micro-precipitation 
of the metal ion. Analytical grade hydrochloric acid, 
nitric acid and sodium hydroxide were obtained from 
Katayama Chemical Co. Ltd. Taiwan. Deionized water 
was used throughout this study for metal ion dilutions. 

Preparation of biosorbents
Waste crab shells, were collected from a local restau-

rant in Taiwan. These shells were washed with deionized 
water and sun dried for 24 hours. The dried shells were 
crushed to particle size of 50-mesh. For biosorption 
experiments, 50-mesh crab shells were used directly. 
Chitosan was extracted from crab shells through several 
chemical methods such as: deproteinization, deminer-
alization, deacetylation, and decoloration. The detailed 
experimental procedure was described elsewhere21. The 
obtained chitosan powder was used as another biosorbent.

Biosorption Studies
Biosorption experiments were carried out in batch 

mode by studying the effect of agitation time, pH and 
initial metal ion concentration. For each test 25 mL of 
the required Ga(III) ion concentration (10–100 mg/L) 
was added to a known mass of biosorbent powder in 50 
mL Erlenmeyer fl ask and agitated with a speed of 60 
rpm at 25oC in a temperature controlled rotary shaker. 
The pH of the solution was adjusted accordingly with 
0.1N HCl or 0.1N NaOH. During these studies as one 
parameter was varied all other parameters were kept 
constant to evaluate the effect of the varied parameter 
on adsorption capacity. The adsorbent was separated 
by fi ltration using a polyvinylidene fl uoride syringe fi lter 
after the adsorption capacity reached equilibrium and 
the aqueous-phase concentration of Ga(III) was deter-
mined by Inductively coupled Plasma-Atomic Emission 
spectrophotometer (ICP-AES). The equilibrium uptake 
capacity of the biosorbent powders for Ga(III) ion was 
calculated according to mass balance equation, 

         (1)

where qt was the amount adsorbed per unit mass of 
adsorbent (mg g–1), C0 and Ct were, respectively, initial 
and equilibrium concentrations of metal ion (m gL–1), 
m was the mass of adsorbent (g) and v was volume of 
solution in liters. The experiments were controlled by 
conducting the studies with metal ion solutions in ab-
sence of biosorbent and found no metal adsorption by 
the walls of the container occurred. Standard deviation 
and analytical errors were calculated by repeating the 
experiments three times and maximum error was found 
to be within ±5%.

Characterization of biosorbents

Fourier Transform Infrared (FTIR) Studies
FTIR spectra of crab shell and chitosan powders were 

recorded using a Perkin-Elmer 1600 spectrometer. The 
samples were formed into pellets with KBr. Analysis was 
conducted within the range of wavelength 4000–500 cm–1 
at 4 cm–1 resolutions and 20 scan.

XRD analysis
An X-ray diffractometer (Shimadzu XRD-6000) was 

used to analyze the solid-state morphology of the bio-
sorbents. X-rays of wavelength 1.5406Å were generated 
by a Cu Kα source. The angle of diffraction was varied 
from 5 to 35 degrees.

FE-SEM-EDS studies
The surface morphology of the biosorbent powders was 

recorded using a multi-function fi eld emission scanning 
electron microscope (FE-SEM, Joel JSM-7401F) at 
x1000 magnifi cation. The energy dispersion spectrum 
(EDS) was generated with a voltage acceleration of 
15kV simultaneously as the electron image was captured 
using an equipped PentaFETx3-7585 EDS. The dried 
samples (105oC) were deposited on a brass holder under 
vacuum pressure.

RESULTS AND DISCUSSION

Biosorbent Characterization

FTIR studies
FTIR studies were conducted to identify the possible 

functional groups present in the biosorbent powders and 
the corresponding spectra were presented in Figure 1. 
From spectra it was observed that there were prominent 
peaks for key functional groups in both the crab shell 
and chitosan powders. The absorption peak at ~3630 
cm–1 was analogous to the –OH stretching mode in the 
crab shell powder. The broad absorption band observed 
at 3294 cm–1 was assigned to the –OH and –NH stret-
ching for chitosan powder and other prominent peaks 
observed at 1420 cm–1 and 1047 cm–1 were attributed to 

Figure 1. FTIR spectra of Crab shell powder (a), chitosan 
powder
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the amide and C-O-C linkages respectively22. Based on 
the literature and the chemistry between chitosan and 
metal ions these functional groups were identifi ed as the 
main functional groups responsible for metal uptake26.

XRD studies
Crystal diffraction studies were conducted for both 

the biosorbents before and after Ga(III) adsorption 
and these diffractograms were shown in Figure 2. The 
changes in the crystal behavior of the biosorbents with 
metal loading were generally evaluated by the changes 
in the crystal fraction23. The crystal percentages crab 
shell and chitosan powders were 31.98% and 38.17% 
respectively. After adsorption, the intensity of the peaks 
increased which corresponded to the increase in crystal 
strength of the biosorbents and was speculated to be 
due to Ga(III) uptake. The crystallinity percentages for 
the biosorbents after Ga(III) uptake were 41.40% and 
45.01% for crab shell and chitosan powders respectively. 
Low crystallinity in the original crystal structure of the 
biosorbent aided in the uptake of metal ions as high 
crystallinity hinders metal uptake capacity of adsorbents. 
Generally, at lower crystallinity, a greater increase in 
crystal percentage was seen after Ga(III) uptake, these 
changes were 9.42% and 6.93% respectively for crab 
shell and chitosan powders.

the compacted powder. In addition, after biosorption, Ga 
appeared on the surface of the powder and the surface 
appeared to be more uniform in morphology as less 
fractures and ridges were observed. This could be due 
to the accumulation of Ga(III) ion into the factures on 
the chitosan surface.

Biosorption Studies

Adsorption kinetics and effect of time on Gallium bio-
sorption

The effect of agitation time on the adsorption of Ga(III) 
from aqueous solution was investigated at a concentration 
of 10 mg/L. The initial pH of the solution was ~2.4 and 
the Ga(III) ions present were produced by the dissocia-
tion of Ga2O3 in 2–3% HNO3 solution. 100 mg of the 
biosorbent was added to 25 mL of the Ga(III) solution in 
a 50 mL sample vial and agitated at 60 rpm in a rotary 
shaker with the temperature maintained at 25 ±0.5oC. 
The biosorption capacity was recorded at different time 
intervals and also the percentage of Ga(III) adsorption 
was calculated (Fig. 4) from the equation below:

 (2)

The percent of Ga(III) adsorption with crab shell and 
chitosan powder was achieved more than 50% within a 
minute and the adsorption continued up to 30 minutes, 
as was shown in Figure 4. The adsorption process re-
ached to equilibrium in 30 minutes with chitosan powder, 
but reached to equilibrium after 90 minutes with crab 
shell powder. However, the Ga(III) uptake by the crab 
shell powder was about 20% less than that of chitosan 
initially and the difference reduces as time progressed. 
At 120 minutes the percentage removal of Ga(III) from 
aqueous solution was about 88% and 97% for crab shell 
and chitosan powder respectively.

To understand the kinetic mechanisms involved for 
the biosorption of Ga(III) onto these biosorbents, the 
Lagergren pseudo-fi rst order, pseudo-second order and 
Weber-Morris intra-particle diffusion models were used 
to model the kinetic data. The Lagergren pseudo-fi rst 
order mechanism describes the kinetic process of liqu-
id-solid phase adsorptions and the adsorption rate was 
based on the adsorption capacities of the biosorbents. 
The linearized form of the pseudo fi rst order equation 
was shown below:

 (3)

where qe is the equilibrium uptake of Ga(III) (mg/g), qt 
is the amount of Ga(III) adsorbed at time t (mg/g), k1 is 
the Legergren rate constant. The pseudo-second order 
assumes that the rate limiting step in adsorption process 
could be dominated by chemical adsorption24, 25. Thus, 
the linearized form of the pseudo fi rst order equation 
was shown below:

  (4)

Where k2 is the pseudo-second order rate constant. 
For the determination of which order the adsorption 
of Ga(III) follows for the biosorbents crab shell and 
chitosan powder, a comparison of the theoretical values 

Figure 2. X-Ray diffractogram crab shell powder (a), 
chitosan powder (b), crab shell powder after 
Ga adsorption (c) and chitosan powder after 
Ga adsorption (d)

SEM/EDS studies
The size and shape of the adsorbent has an impact 

on the adsorption capacity of the adsorbent. Thus, the 
surface morphologies of the biosorbents were investigated 
via SEM/EDS. These SEM/EDS images were shown in 
Figure 3. The surface of the crab shell powder appeared 
to be compact and may be due to the packing of the 
powder onto the brass holder of the SEM platform. In 
this image small fractures on the surface were observed 
which indicates the rough surface structure. Subsequent 
to Ga(III) adsorption the crab shell powder appeared as 
small granules of size ranging from about 1μm to 20 μm 
with Ga on the surface. In addition, the trace magnesium 
and phosphorus observed before Ga(III) adsorption may 
have dissolved in solution and thus were not seen in the 
EDS after adsorption. The morphology of the chitosan 
powder was non-uniform with fractures and ridges on 
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To further understand the sorption kinetics of this 
biosportion process, the Weber-Morris intra-particle 
diffusion model was used to interrogate the kinetic data. 
The Weber-Morris model is based on the assumption 
that the solute uptake (qt) varies proportionally with 
time (t0.5), according to the equation below:

 (5)

where km is the intra-particle diffusion rate constant. The 
plot qt Vs. t0.5was generally passed through the origin if 
the adsorption process is only limited by intra-particle 
diffusion. Further, to determine whether the biosorption 
process of Ga(III) onto the crab shell and chitosan po-
wder was controlled only by particle-diffusion, the kinetic 

obtained from the kinetic plots were examined and the 
results were presented in Table 1 and Figure 5. Based 
on the correlation coeffi cients of the linear models it 
was observed that both biosorbents were closely followed 
the pseudo-second order kinetic model. In addition, the 
calculated equilibrium adsorption (qe,cal) was similar to 
that of the experimental data. However, although the 
pseudo-second order model had a higher correlation 
coeffi cient, the correlation coeffi cient of the Lagergren-
-pseudo fi rst order model could possibly describe the 
adsorption kinetics during the initial stage of biosorption. 
The Langergren kinetic model postulates that this initial 
adsorption was infl uenced by the reversible equilibrium 
between liquid and solid phases26.

Figure 3. SEM/EDS spectra of biosorbents before and after Ga adsorption. Crab shell powder (a), chitosan powder 
(b), crab shell powder after Ga adsorption (c) and chitosan powder after Ga adsorption (d)
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data was applied to the particle diffusion controlled 
process model represented as follows:

 (6)
 (7)

where kp is the particle diffusion coeffi cient corresponding 
to the particle size and [M]t is the Ga(III) concentration 
at a given time and [M]e is the Ga(III) concentration 
at equilibrium. In this kinetic model the linear plot 
of ln(1–α) Vs. t, is a measure of whether the Ga(III) 
adsorption is intra-particulate diffusion controlled and 
the diffusivity onto the surface of the biosorbents was 
independent of the degree of adsorption.

The Weber-Morris plot, as shown in Figure 6a, was 
divided into three different regions and resulted in three 

different correlation coeffi cients. The rate constants of 
these regions were presented in Table 2. The fi rst region 
in this plot corresponds to the initial fast mass transfer 
to the external surface of the biosorbents. The second 
stage relates the gradual uptake that refl ects the intra-
-particle diffusion as the rate limiting step inside the 
biosorbents. The third stage relates to equilibrium upta-
ke of the Ga(III) ion by the biosorbents. From Figure 
6b the linear plots of ln(1–α) Vs. t corresponds to the 
intra-particulate diffusivity and the particle diffusion27 
coeffi cient (kp) values were presented in Table 2. In 
general, if the kp values are higher than the Weber-Mor-
ris rate constants, k1, k2 or k3, the adsorption process 
is not controlled by only the intra-particle diffusion28. 

Table 1. Lagergren fi rst and second order rate constants for adsorption of Ga(II) on crab shell powder and chitosan

Figure 4. Effect of agitation time on biosorption of Ga(III) onto crab shell and chitosan powder. Conditions: Ga(III) 
ion concentration 10 mg/L, 100 mg biosorbent, pH 2.4 with an agitation speed of 60 rpm at 25oC

Figure 5. (a) Lagergren pseudo-fi rst order sorption kinetics of Ga(III) and (b) Pseudo-second order sorption kinetics 
of Ga(III) onto crab shell and chitosan powder. Conditions: Ga(III) ion concentration 10 mg/L, 100 mg 
biosorbent, pH 2.4 with an agitation speed of 60 rpm at 25oC
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The kp values observed from Table 2 were not higher 
than the k1, k2 or k3 values. Thus by the comparison of 
the Weber-Morris and intra-particulate diffusivity plot 
it may be speculated that intra-particle diffusion is not 
the only factor determining the rate of adsorption of 
Ga(III) onto the crab shell and chitosan particles under 
these operating conditions.

The effect of pH on Ga(III) biosorption
In adsorption processes the pH of the metal ion solu-

tion is a very important factor that infl uences the ionic 
state of the metal ion(s) present. To this effect, this study 
investigated the infl uence of pH on the biosorption of 
Ga(III) onto crab shell and chitosan powders. The effect 
of pH can strongly infl uence the binding sites on the 
adsorbent, dissociation state and the solution chemistry. 
The solution chemistry can infl uence the coordination of 
Ga(III) through processes such as hydrolysis, complexa-
tion and redox potentials29. The effect of pH on percent 
adsorption of Ga(III) ion at different pH values were 
presented in Figure 7. From Figure 7, it was observed 
that the adsorption of Ga(III) ion onto crab shell powder 
was increased from pH 1 to 2, thereafter a small decrease 
was observed at pH 2.4. A similar trend was observed 
for chitosan, however, due to its dissolution properties 
at lower pH values the adsorption was not recorded at 
pH 1. The maximum percent adsorptions for crab shell 
and chitosan powder were observed at pH values 2.0 
and 2.4 respectively. There was a steady decrease in 
Ga(III) adsorption on chitosan noticed from pH 2.4 to 
5. This was due to the decrease in the hydrophilic nature 
of chitosan and thus its decrease in swelling ability. In 
pure aqueous Ga solutions as the pH value increases 
from 2.56 to 3.20 the Ga species changes from Ga3+/
GaOH2+ to GaOH2+/GaO+, thus for chitosan it was 
speculated that as the pH increased the competition for 

the formation of GaO+ was favored over the formation 
of the ligand-metal coordination complex30. As the pH 
increases, the presence of these cations in solution was 
speculated to aid in the Ga(III) uptake as they probably 
associated with the free hydroxyl ions.

Effect of initial Ga (III) ion concentration and adsorp-
tion isotherms

The effect of initial Ga(III) ion concentration was stu-
died by varying the ion concentration from 10–100 mg/L 
while keeping the other parameters such as agitation time, 
solution pH, temperature and biosorbent dosage constant. 
As the m etal ion concentration increased the adsorptive 
capacity of the crab shell and chitosan powders incre-
ases. The amino and hydroxyl groups of chitosan form 
dative bonds with the metal ions in aqueous solutions. 
To elucidate the probable adsorption mechanism for this 
increase in adsorption behavior, adsorption isotherm 
models were used to interrogate the equilibrium data.

Table 2. Parameters of the Weber-Morris intraparticle diffusion model for adsorption of Ga(II) on crab shell powder 
and chitosan

Figure 6. Weber-Morris plots (a) and particle diffusion controlled-process plot (b) for adsorption of Ga(III) on crab 
shell and chitosan powder. Conditions: Ga(III) ion concentration 10 mg/L, 100 mg biosorbent, pH 2.4, agi-
tatation speed of 60 rpm at 25oC

Figure 7. Effect of pH on biosorption of Ga(III) onto 
crab shell and chitosan powder
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The equilibrium data at different initial metal ion 
concentrations were modeled using Langmuir, Freundlich 
and the Langmuir-Freundlich adsorption isotherms. From 
these isotherms it was then possible to relate the con-
centration of Ga(III) ion in solution and the adsorbed 
amount of Ga(III) at the surface of the adsorbate. The 
Langmuir isotherm incorporated the maximum adsorp-
tion capacity that occurred at a saturated monolayer of 
Ga(III) on the surface of the biosorbents. The basis of 
the Langmuir adsorption isotherm also considers the 
energy of adsorption and thus can be represented by 
the following equation:

 (8)

where qe was the amount of Ga(III) adsorbed per unit 
weight of biosorbent (mg/g), qmax was the Langmuir the-
oretical maximum adsorption capacity of the biosorbents 
and KL was the adsorption energy coeffi cient. The linear 
plots for the Langmuir isotherm was shown in Figure 
8a and their correlation coeffi cients were shown in Ta-
ble 3. The theoretical maximum monolayer adsorption 
capacities of Ga(III) onto the crab shell and chitosan 
powders were 16.96 and 10.59 mg/g with adsorption 
energy coeffi cients of 9.96 and 11.67 respectively. Both 
biosorbents had a reasonable correlation to the Langmuir 
plot, which predicted the existence of a fi xed capacity 
of adsorption sites with equal morphologies on the bio-
sorbent surface. In addition, it was assumed that these 
adsorption sites had the same energy profi les during 
adsorption. To further speculate the sorption behavior 
of Ga(III) ions onto the biosorbents, the Freundlich 
isotherm model was used.

The Freundlich isotherm proposes an exponential 
disparity of the energies at the adsorption sites, and 
was based on the distribution of the solute between the 
solid and aqueous phase at equilibrium. Thus assuming 
that the rate-limiting step is not confi ned to surface 
adsorption but multilayer adsorption31. This relation 
was shown below in the Freundlich isotherm equation:

 (9)
where KF is the measure of the adsorption capacity and 
1/n is the adsorption magnitude. The equilibrium data was 
expressed in the Freundlich isotherm linear plot and was 
shown in Figure 8b, and the corresponding parameters 
were shown in Table 3. The values of KF were 0.653 and 
1.133 for crab shell and chitosan powders respectively. 
These values, which were a measure of the adsorption 
capacity, indicated the strength of the adsorptive relation, 
thus deducing that there was a stronger association of the 
Ga(III) ions to the chitosan than the crab shell powder32. 

Due to the reasonable correlation of the experimental 
data to the Langmuir and Freundlich adsorption iso-
therms, the Langmuir-Freundlich isotherm was used to 
further understand the adsorptive behavior of Ga(III) 
onto crab shell and chitosan powders.

The Langmuir-Freundlich isotherm is a combination 
of the Langmuir and Freundlich adsorption isotherms, 
however, the advantage of the Langmuir-Freundlich 
adsorption isotherm is the fl exibility of applying both 
the Langmuir and Freundlich sorption effects to describe 
the adsorption behavior of Ga(III) onto the biosorbents. 
The Langmuir-Freundlich isotherm can be mathemati-
cally expressed as the following weighed integrals and 
can be linearized to the following linear equation33, 34:

 (10)

 (11)

where g(Ka) was the density function, with affi nity 
constant Ka, KLF was the Langmuir-Fruendlich constant 
and n was the heterogeneity parameter. The Langmuir-
-Freundlich isotherm can be reduced under certain con-
ditions to represent both the Langmuir and Freundlich 
isotherms with some minor substitutions, as represented 
in Figures 8c–e. When n = 1, the Langmuir-Freundlich 
equation reduces to the Langmuir equation, and when 
Ceq and Ka values approach 0, the Langmuir-Freundlich 
reduces to the Freundlich equation35–37. From Table 3, 
it was observed that overall, the Langmuir-Freundlich 
isotherm model for n = 2 had the highest correlation 
coeffi cients for both biosorbents and thus the biosorption 
of Ga(III) under these conditions can be more accurately 
predicted by the consideration of both the Langmuir and 
Freundlich behaviors. The values of n = 2 indicated the 
presence of a heterogeneous system of binding sites for 
the biosorbents which were capable of adsorbing Ga(III) 
from aqueous solution. 

CONCLUSIONS

The biosorbent chitosan powder was synthesized 
through a series of several chemical processes such as 
deproteination, demineralization, decoloration and de-
acetylation. The performance of the chitosan powder in 
Ga(III) uptake from aqueous solution as compared with 
the crab shell powder. Batch adsorption experiments 
were carried out in order to optimize the experimental 
conditions. The Langmuir, Freundlich and Langmuir-
-Freundlich adsorption isotherms were used to analyze the 
adsorption data and obtain the isotherm constants. The 

Table 3. Langmuir, Freundlich and Langmuir-Freundlich isotherm model parameters for Ga(III) adsorption on crab 
shell powder and chitosan
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Figure 8. Langmuir n = 1.0 (a), Freundlich (b) and Langmuir-Freundlich isotherm plots for Ga(III) adsorption on 
crab shell and chitosan powder. n = 0.5 (c), n = 1.5 (d) and n = 2.0 (e)

relative adsorption capacities were deduced and deemed 
that crab shell powder and chitosan powder could be used 
as effective adsorbents for the adsorption and removal 
of Ga from aqueous sources. The pseudo-second order 
kinetic model was determined to be the more favorable 
model based on the correlation coeffi cient that indicated 
the reaction between adsorbents and the Ga(III) ion 
was monolayer interaction. The maximum monolayer 
capacities of the crab shell and chitosan powders were 
found to be 16.95 and 10.59 mg g–1 respectively. Charac-
terization studies indicated amino and hydroxy groups 

were present and possibly participated in metal uptake; 
also, the powders exhibit crystalline nature.
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