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a b s t r a c t
Low-grade phosphorus-containing oolitic hematite (LGPOH), an industrial solid waste generated 
in mining oolitic hematite with high phosphorus, was used as an adsorbent to remove Cd(II) ion 
from aqueous solution. Characteristics of LGPOH were comprehensively revealed by X-ray diffrac-
tion, scanning electron microscopy, and nitrogen adsorption Brunauer–Emmett–Teller method. Zeta 
potential and Fourier transform infrared spectrophotometer were used to elucidate the Cd(II) ion 
adsorption mechanism of LGPOH. The adsorption equilibrium, kinetics, and thermodynamics of 
Cd(II) ion onto LGPOH were studied. The results indicate that the optimum pH value for Cd(II) ion 
adsorption is 6.1, and the Cd(II) ion adsorption capacity reaches 9.56 mg/g at this pH value. At low 
pH (<6.1), the Cd(II) ion adsorption on LGPOH is mainly dominated by the complexation reaction 
process. When pH value is above 6.1, chemical precipitation plays a critical role in Cd(II) ion removal. 
The removal of Cd(II) ion by LGPOH is rapid, and the Cd(II) adsorption capacity exceeds 98% of 
the saturated adsorption capacity within 10 min. The adsorption kinetics of Cd(II) ion adsorption 
onto LGPOH follows the pseudo-second-order model. Moreover, the equilibrium adsorption data 
of Cd(II) ion adsorption onto LGPOH fits well with Langmuir isothermal model. The maximum 
adsorption capacity obtained from the Langmuir isotherm is 55.37 mg/g at 50°C. The calculated ther-
modynamic parameters reveal that the adsorption process of Cd(II) ion onto LGPOH is spontaneous 
and endothermic. Due to the cost-effective adsorption capability, LGPOH could be a promising 
adsorbent for Cd(II) ion removal from wastewater.

Keywords:  Low-grade phosphorus-containing oolitic hematite (LGPOH); Cd(II) ion adsorption; 
Surface complexation; Endothermic; Kinetics; Thermodynamics

1. Introduction

During the past decades, more and more heavy metals 
(Cd, Pb, Cr, Hg, As, U, Th, etc.) were discharged into 
water bodies, which caused a serious environmental prob-
lem worldwide. Cd has been regarded as one of the most 
toxic heavy metals released into the environment, and it 
extensively exists in the effluents of pigment and battery 
production, metal and cement production, petrochemical 

complexes industries [1–3]. The concentration of Cd(II) ion 
exceeding 0.003 mg/L in drinking water may cause human 
diseases like high blood pressure, kidney damage, diar-
rhea, cancer, etc. [4,5]. Nowadays, Cd(II) ion removal from 
wastewater has become an extremely urgent worldwide 
mission.

Various separation techniques including ion exchange, 
coagulation, ultrafiltration, chemical precipitation, reverse 
osmosis, flocculation, solvent extraction, and adsorption 
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have been developed for heavy metals ion removal [6–13]. 
Specially, the adsorption method is recognized as a highly 
promising technique for wastewater with low Cd(II) ion 
concentrations. As a conventional adsorbent for the pol-
lutants removal from wastewater, commercial activated 
carbon is characterized by a good adsorption performance 
[14]. However, the high associated cost restricts the wide-
spread use of this adsorbent. Therefore, many efforts have 
been paid to develop low-cost adsorbents in recent years, 
such as agricultural waste, grafted silica, petiolar felt-sheath 
of palm, olive stone waste, natural compost, peanut shell, 
natural kaolinite clay, kaolin, goethite, walnut shell, bone, 
waste Fe(III)/Cr(III) hydroxide, biomass, etc. [15–22]. The 
major advantages of using industrial by-products or natural 
materials for Cd(II) ion wastewater treatment are chemical 
stability (low solubility), low-cost, easy accessibility, and 
environmental friendliness.

Oolitic hematite with high phosphorus is an important 
type of iron ore resource. Mining this ore generates a phos-
phorus-containing industrial solid waste, low-grade phos-
phorus-containing oolitic hematite (LGPOH). LGPOH is 
becoming a serious environmental problem in the world due 
to the fact that it not only causes a landslide and dust pollu-
tion but also occupies the land resources. Hence, the treat-
ment and recycling of LGPOH become an urgent mission. 
Our previous work indicates that LGPOH has a good Cd(II) 
ion adsorption performance [23]. However, the characteris-
tics and mechanism of Cd(II) ion adsorption onto LGPOH, 
as well as the Cd(II) ion adsorption isotherm, kinetics, and 
thermodynamics are still unknown. In-depth understanding 
of these issues is very important for the economic and effi-
cient utilization of LGPOH in the field of Cd(II) ion removal 
from wastewater.

In present work, several kinetic models (including the 
Elovich model, pseudo-first-order model, intra-particle dif-
fusion model, and pseudo-second-order model) are used 
to describe the kinetic experimental data. The Langmuir 
and Freundlich isothermal models are applied to evalu-
ate the adsorption equilibrium of Cd(II) ion onto LGPOH. 
Corresponding kinetic, isothermal, and thermodynamic 
parameters are then calculated. Furthermore, adsorption 
mechanisms of Cd(II) ions removal by LGPOH were also 
studied.

2. Materials and experimental procedure

LGPOH collected from the by-product in mining oolitic 
hematite with high phosphorus (Wushan, Chongqing, 
China) was used as an adsorbent in this research. The particle 
size of LGPOH adsorbent is less than 0.25 mm. The chemi-
cal composition analysis conducted by using X-ray fluores-
cence (XRF) (Model Lab Center XRF-1800, Shimadzu, Japan) 
indicates that LGPOH is mainly composed of Fe, SiO2, CaO, 
MgO, Al2O3, P, etc., as listed in Table 1.

Adsorption experiments were executed according to the 
following procedures. First, a stock solution with Cd(II) ion 
concentration of 1,000 mg/L was prepared by dissolving a 
certain amount of chemically pure CdCl2·2.5H2O in deion-
ized water. Then, aqueous solutions with designed Cd(II) 
ion concentrations of 30–70 mg/L were acquired by diluting 
defined volume of Cd(II) ion stock solution in 150 mL glass 

round-bottom flasks immersed in a thermostatic shaker bath, 
adding the appropriate volume of 0.1 mol/L HCl or NaOH 
to adjust the pH value of the solution. Defined amounts of 
adsorbent were subsequently added to the flasks. The mix-
tures were stirred at 290 rounds per minute (rpm). Liquid 
samples collected at various time intervals were filtered, 
and the filtrate was collected for subsequent Cd(II) ion 
analysis [24].

Adsorption experiments to explore the effect of initial 
pH value on Cd(II) ion adsorption was examined at 20°C, 
fixing LGPOH dosage, initial Cd(II) ion concentration and 
adsorption time to 10 g/L, 30 mg/L, and 5 min, respec-
tively. Cd(II) ion adsorption isotherms were investigated 
at four different temperatures (20°C, 30°C, 40°C, and 50°C) 
for 10 min with the initial Cd(II) ion concentration varying 
from 30 to 70 mg/L, and LGPOH dosage and pH value were 
fixed to 20 g/L and 6.1, respectively. To evaluate the Cd(II) 
ion adsorption kinetics, adsorption experiments were exe-
cuted for 5–40 min at 30°C, with different initial Cd(II) ion 
concentrations (30, 40, 50, 60, and 70 mg/L) as well as fixed 
LGPOH dosage of 20 g/L and initial pH value of 6.1.

The Cd(II) ion concentration of samples was analyzed 
by flame atomic absorption spectrophotometry method 
(Model TAS-986, Puxi, China) to follow the Cd(II) ion 
adsorption onto LGPOH. A pH meter (Model FE28-
Standard, Mettler-Toledo, Switzerland) was used to mea-
sure the pH value of the aqueous solution. The phase com-
position of LGPOH was conducted by X-ray diffraction 
(XRD) (Model D/max 2500 PC, Rigaku, Japan) with Cu 
Ka radiation. The thermal stability of LGPOH was evalu-
ated by thermogravimetry (TG) analysis (Model STA 449C, 
Netzsch Co. Ltd., Germany) in the air at a heating rate of 
5°C/min until 1,200°C. The microstructure of LGPOH was 
observed by scanning electron microscopy (SEM) (Model 
JSM-7800F, JEOL, Japan). The zeta potentials of LGPOH 
samples before and after adsorption were measured 
using a zeta potential analyzer (Model CoulterDelsa440sx, 
Beckman Coulter, USA) in the pH range 1.5−12.0 by the sim-
ilar method reported in our previous work [25]. The element 
composition of the surface of LGPOH after adsorption was 
characterized by energy-dispersive X-ray (EDX) spectros-
copy (Model X-Max, Oxford Instruments, UK) attached to 
SEM. The particle size distribution and specific surface area 
of LGPOH were measured using the nitrogen adsorption 
Brunauer–Emmett–Teller (BET) method by laser diffraction 
particle size analyzer (LDPSA) (Model MS 2000, Malvern, 
USA). Infrared (IR) spectroscopy measurements of LGPOH 
before and after adsorption were implemented on a Fourier 

Table 1
Chemical composition of LGPOH

Component Content (wt.%)

TFe 31.29
SiO2 14.13
CaO 6.76
MgO 3.14
Al2O3 3.55
P 1.26
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transform infrared (FTIR) spectrophotometer (Model 
5DXC, Nicolet Co., USA) at room temperature.

3. Results and discussion

3.1. Characteristics of LGPOH

The XRD pattern of LGPOH (Fig. 1) indicates that the 
main crystalline phases in LGPOH are hematite, dolo-
mite, and quartz. In addition, a minor amount of fluorap-
atite, rodolicoite, and calcium phosphate have existed in 
LGPOH. Fig. 2 shows the TG curve of LGPOH, the obvious 
weight loss from ~500°C to ~750°C is caused by the decom-
position of dolomite. Fig. 3 presents the typical SEM images 
of LGPOH powders. It can be seen from Fig. 3a (image with 
low magnification) that the particle size of LGPOH is very 
heterogeneous. Besides, microstructure observation with 
high magnification indicates LGPOH is characterized by 
a porous structure and rough surface, and numerous fine 
LGPOH particles are aggregated on the surface of the coarse 
LGPOH particle, as shown in Fig. 3b. Based on the result of 
LDPSA, the average particle size and specific surface area of 

LGPOH adsorbent are 40.9 µm and 0.916 m2/g, respectively. 
In addition, it can be seen from Fig. 4 that the particle size 
distribution of LGPOH powder is broad, and the volume 
fractions of LGPOH particles with a size less than 1 µm, 
between 1 and 100 µm and more than 100 µm are about 
4.0%, 89.5%, and 6.5%, respectively.

3.2. Effect of initial pH value on Cd(II) ion adsorption

It is well known the adsorption characteristic and capac-
ity of Cd(II) ion onto the adsorbents is highly dependent on 
the solution pH. Fig. 5 shows the plot of Cd(II) ion removal 
capacity vs. initial pH value. The Cd(II) ion adsorption 
capacity increased rapidly from 7.70 to 9.56 mg/g when the 
pH value increased from 1.5 to 6.1. Further increasing pH 
introduces a continuous decrease of Cd(II) ion adsorption 
capacity.

At low pH (<6.1), the main form of Cd(II) is Cd2+. 
Meanwhile, the protonation of adsorbent is given rise by 
the high concentration of H+, which causes the rejection of 
Cd2+, thereby, leads to competition and repulsion between 
H+ and Cd(II) ions for active sites on the surface of adsorbent 
[26]. In present work, when the pH varies from 1.5 to 6.1, 

 

Fig. 1. XRD pattern of LGPOH (H is hematite, D is dolomite, 
F is fluorapatite, C is calcium phosphate, R is rodolicoite, Q is 
quartz).

 
Fig. 2. TG curve of LGPOH.

  

Fig. 3. SEM micrographs of LGPOH at different magnifications (a) 500× and (b) 20,000×.
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the protonation of LGPOH is weakened. Therefore, more 
Cd(II) ions can get access to adsorption sites, which favors 
the hydroxy complexes absorption, and so raises Cd(II) 
ions adsorption capability of LGPOH. However, as the pH 
ranges at 6.1–12.0, hydroxide compound (Cd(OH)2) pre-
cipitate becomes the dominating species of Cd(II) [27–30], 
therefore, pH value increases introduces the decrease of 
Cd(II) ion removal capacity.

3.3. Adsorption mechanism analysis

Fig. 6 shows the relationships between zeta potential 
and initial pH for the LGPOH samples before and after 
adsorption (adsorption experiment was conducted at 20°C 
for 72 h to ensure the achievement of adsorption equilib-
rium, fixing LGPOH dosage and initial Cd(II) ion concen-
tration to 10 g/L and 30 mg/L, respectively). For the sample 
before adsorption, the isoelectric point (IEPpH) value is 2.4. 
After the adsorption process, the IEPpH value increases to 
3.4. In addition, it is clear that the LGPOH becomes more 
positively charged after Cd2+ adsorption in the examined 
pH range. The above results imply the adsorption pro-
cess is chemical adsorption, and the electrostatic repulsion 
action might prejudice the adsorption. Moreover, it can 
be seen from Fig. 6 that the zeta potential of the LGPOH 
sample before adsorption decreases sharply (from 7.37 to 
–17.07 mV) with the initial pH increasing from 1.5 to 6.0. 
However, as the initial pH further increases, the zeta poten-
tial decreases slowly. The rapid decrease of zeta potential 
induced by pH increasing at pH 1.5−6.0 may be attributed 
to the fact that higher pH value promotes the formation 
of negatively charged hydroxyl groups on the surface of 
LGPOH. These hydroxyl groups are active sites for Cd2+ 
adsorption. Hence, it could be concluded that the enhance-
ment of the negatively charged hydroxyl group formation 
is also the main factor contributed to the rapid increase of 
Cd(II) ion removal capacity with pH value increasing at 
pH 1.5−6.1 as presented in Fig. 5.

Metal sorption is closely related to the specific surface 
of the adsorbent [31]. Previous works suggested that sur-
faces of oxide usually coordinate water molecules in aque-
ous suspension [25,32]. As mentioned above, LGPOH has 

a high amount of oxides including hematite, dolomite, and 
quartz. Hence, surface hydroxyl groups will form on the 
LGPOH surfaces. Then, the characteristics of these functional 
groups will strongly influence the adsorption of Cd(II) ion 
onto the LGPOH. Therefore, hydroxyl groups on the sur-
faces of LGPOH samples before and after adsorption were 
revealed by FTIR spectra (Fig. 7). The adsorption experiment 
was carried out at 20°C for 5 min, fixing the initial Cd(II) 
ion concentration, LGPOH dosage, and initial pH value to 
30 mg/L, 10 g/L, and 6.1, respectively. The valleys at 3,289 
and 3,086 cm−1 in Fig. 7 are corresponding to the bending 
and stretching vibrations of H–O–H (physisorbed water 
molecule) [25,31]. In addition, three bands at 1,020, 744, and 
535 cm–1 are observed in Fig. 7, which could be attributed 
to the formation of multicentered hydroxyl group S–OH 
(where S represents a central ion of the mineral surface) 
[31]. For the sample after adsorption, two new bands (at 918 

 
Fig. 4. Particle size distribution of LGPOH.  Fig. 5. Effect of pH on Cd(II) ion adsorption on LGPOH, where 

the initial LGPOH dosage, Cd(II) ion concentration, adsorption 
time, and adsorption temperature were fixed to 10 g/L, 30 mg/L, 
5 min, and 20°C, respectively.

 Fig. 6. Relationship between Zeta potential of LGPOH and 
initial pH, where the initial LGPOH dosage, Cd(II) ion con-
centration, adsorption time, and adsorption temperature were 
fixed to 10 g/L, 30 mg/L, 72 h, and 20°C, respectively.
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and 694 cm–1) appear. The new bands may arise from the 
formation of the inner-sphere surface complex (S–O–Cd) 
due to the reaction of Cd(II) ion and adsorbent. Based on 
the above results, the adsorption mechanism of Cd(II) ion 
onto LGPOH at low pH can be described as Eqs. (1)–(3).

− + →+ +SOH H SOH2  (1)

− + → − +− −SOH OH SO H O2  (2)

2 2− + → − −− +SO Cd SO Cd SO  (3)

Fig. 8 illustrates the above-proposed mechanism for 
Cd(II) ion adsorption process. Obviously, Cd(II) ion adsorp-
tion at low pH (<6.1) would occur at the aqueous Cd(II) 
ion/LGPOH interface, which implies that the replacement of 
surface hydroxyl groups by the Cd(II) ions (complexation) 
is the predominant adsorption mechanism.

3.4. Characterization of a product after adsorption

Figs. 9a and b show the SEM micrographs of the 
LGPOH sample after adsorption (the sample is the same 
with that of the FTIR test). Compared with the sample 
before adsorption, no significant variation in the mor-
phology can be observed. However, the sample after 
Cd(II) adsorption is slightly more aggregated. BET result 
indicates the specific surface area increases slightly to 
0.982 m2/g after Cd(II) adsorption, which can be attributed 
to the fact that aggregates with the more porous structure 
are formed after Cd(II) adsorption. To further confirm the 
Cd(II) adsorption onto LGPOH, EDX analysis of LGPOH 
after adsorption was performed. As shown in Fig. 9c, a 
certain amount of cadmium is evidenced, which confirms 
the successful adsorption of Cd(II) by LGPOH.

3.5. Cd(II) ion adsorption kinetics

Fig. 10 shows the plots of the Cd(II) adsorption capacity 
of LGPOH vs. adsorption time at various initial Cd(II) ion 
concentrations. It can be seen that the Cd(II) adsorption is 
very fast initially. As shown in Fig. 10, the Cd(II) adsorption 

Fig. 7. FTIR spectra of LGPOH samples before and after Cd(II) 
ion adsorption, where the Cd(II) ion adsorption initial pH, the 
temperature, LGPOH dosage, the initial Cd(II) ion concen-
tration, and adsorption time were fixed to 6.1, 20°C, 10 g/L, 
30 mg/L, and 5 min, respectively.

 Fig. 8. Schematic diagram of the major mechanism of adsorption Cd(II) ion onto the surface of LGPOH.
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capacity exceeds 98% of the saturated adsorption capacity 
within 10 min. The rapid adsorption during the incipient 
stage may be attributed to a large number of adsorption sites 
and a high solute concentration gradient. With the reaction 
further progressing, Cd(II) ion concentration and availability 
of adsorption sites are reduced, thus decreasing Cd(II) ion 
uptake rate.

To clarify the rate-controlling step of the Cd(II) ion adsorp-
tion process, four kinetics models, including the Elovich 

model, pseudo-first-order model, intra-particle diffusion 
model, and pseudo-second-order model, were employed 
to investigate Cd(II) ion adsorption kinetics performance.  
The above kinetics models are described by the following 
Eqs. (4)–(7), respectively [33–36]:

Elovich model:

Q tt = ( ) +1 1
β

αβ
β

ln ln  (4)

Pseudo-first-order model:

1 11

Q
k
Q t Qt f f

= +  (5)

Intra-particle diffusion model:

Q c k tt m= + 1 2/  (6)

Pseudo-second-order model:

t
Q k Q

t
Qt f f

= +
1

2
2  (7)

where Qf (mg/g) and Qt (mg/g) are the adsorption capac-
ities at equilibrium and a certain adsorption time t (min), 
respectively; α (mg/(g min)) is the initial adsorption rate 
constant and β (g/mg) is a parameter related to the extent 
of surface coverage and activation energy for chemisorption; 
k1 (min−1), k2 (g/(mg min)) and km (mg/(g min0.5) are the rate 

 

Fig. 9. SEM micrographs (a) 500×, (b) 20,000×, and (c) EDX spectrum of LGPOH sample after adsorption.

 Fig. 10. Variation of adsorption capacity of LGPOH with adsorp-
tion time at different initial Cd(II) ion concentrations, where the 
adsorption temperature, LGPOH dosage, and initial pH were 
fixed to 30°C, 20 g/L, and 6.1, respectively.
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constants of the pseudo-first-order model, pseudo-second- 
order model, and intra-particle diffusion model, respectively; 
c is a parameter obtained from the intercept when fitting 
the adsorption data by an intra-particle diffusion model.

Fig. 11 shows the plots obtained by fitting experimen-
tal results using the above four kinetics models. In addi-
tion, the corresponding rate constants, and the correla-
tion coefficient (R2) are summed up in Table 2. It can be 
seen that the R2 value of fitted plots corresponding to the 
pseudo- second-order model is very high (>0.998), which is 
higher than those corresponding to the other three models. 
Therefore, it can be concluded that the adsorption kinet-
ics satisfied the pseudo- second-order kinetic model, which 
implies that the chemical sorption reaction is the rate-lim-
iting step [37]. Hence, the amount of active sites on the 
LGPOH surface determines the Cd(II) adsorption capacity 
of LGPOH [38]. This phenomena have also been observed 
in the adsorption of Cd(II) ion on bentonite Fe3O4–MnO2 
composite [39], raw attapulgite clay, and waste-struvite/
attapulgite [40], modified steel-making slag [41] and 
nickel aluminum layered double hydroxide [42].

3.6. Cd(II) ion adsorption isotherm

Fig. 12 shows the adsorption isotherm results at differ-
ent temperatures. Obviously, the adsorption capacity of 
Cd(II) ion increases with the temperature rising from 20°C to 
50°C. The result indicates that the Cd(II) ion adsorption onto 
LGPOH is characterized by an endothermic reaction. Thus 
the higher temperature favors Cd(II) ion removal by LGPOH.

As well known, the Cd(II) ion adsorption ability 
and performance of the adsorbent can be revealed by 
adsorption isotherm models [43,44]. In present work, the 
Langmuir and Freundlich models were used in the iso-
therm study. Eqs. (8) and (9) are the linear expressions of 
Langmuir and Freundlich models, respectively [45,46]:

C
Q bQ

C
Q

f

f

f= +
1

max max

 (8)

log log
log

Q k
C
nf

f= +  (9)

where Qf (mg/g) is the Cd(II) ion concentration in the solid 
adsorbent, Cf (mg/L) is the equilibrium Cd(II) ion concentra-
tion in the solution, k (mg1–1/nL1/n/g) and n are constants related 
to the adsorption capacity and the energy of adsorption, 
respectively; Qmax (mg/g) is the maximum adsorption capac-
ity, b (L/mg) is a constant related to the energy of adsorption.

The adsorption isotherm data of Fig. 12 were fitted 
to the Langmuir and Freundlich models. The results are 
illustrated in Figs. 13a and b, respectively. Table 3 lists 
the isotherm constants and correlation coefficient (R2). 
High R2 values of the Langmuir model indicate that the 
isothermal of Cd(II) ion adsorption on the LGPOH fol-
lows the Langmuir equation. In addition, Qmax obtained by 
Langmuir model in Table 3 suggests that LGPOH possess 

 Fig. 11. Linearized form plots of different kinetic models for Cd(II) ion adsorption on LGPOH. (a) Elovich model, (b) pseudo-first- 
order model, (c) intra-particle diffusion model, and (d) pseudo-second-order model; the adsorption experiments were carried out 
with fixing the initial pH, adsorption temperature and LGPOH dosage to 6.1, 30°C, and 20 g/L, respectively.
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a high monolayer adsorption capacity, which supports the 
possibility of the adsorption mechanism mentioned above.

In order to assess the Cd(II) ion adsorption capacity 
of LGPOH, the maximum Cd(II) ion adsorption capaci-
ties of different adsorbents are compared as listed in Table 
4. The maximum adsorption capacity (Qmax) of LGPOH is 
55.37 mg/g at 50°C, and it is about 42.59 times of the adsorp-
tion capacity of calcitic limestone [47], 3.08, 12.64, and 1.80 
times of the adsorption capacities of red mud [48], kaolin 
[49] and manganoxide mineral [50], respectively. Though 
the adsorption capacity of graphene oxides for Cd(II) ion 
was reported as 111.11 mg/g which is much over 55.37 mg/g 
determined in this study, the application of graphene oxides 
is limited by the high associated cost adsorbent. Thus, com-
prehensively considering the cost and adsorption capacity, 

LGPOH is a promising adsorbent for the removal of 
Cd(II) ion.

3.7. Thermodynamic parameters of adsorption

Adsorption isotherm results indicate Cd(II) ion adsorp-
tion on the LGPOH is an endothermic reaction. To fur-
ther ascertain the effect of temperature on the Cd(II) ion 
adsorption, thermodynamic parameters including standard 
free energy change (∆G), standard enthalpy change (∆H), 
and standard entropy change (∆S) were determined.

The calculation Eq. (10) of ∆G is as follows:

∆G RT K= − ln  (10)

Table 2
Estimated kinetic model parameters for Cd(II) ion adsorption on LGPOH

Elovich model: Q tt = ( ) +1 1
β

αβ
β

ln ln

Initial Cd(II) ion concentration (mg/L) α (mg/(g min) β (g/mg) R2 SD

30 0.093 10.820 0.9331 0.0241
40 0.587 1.729 0.8442 0.2423
50 1.933 0.542 0.8259 0.8270
60 1.655 0.627 0.7640 0.8644
70 2.138 0.489 0.8663 0.7835

Pseudo-first-order model: 1 11

Q
k
Q t Qt f f

= +

Initial Cd(II) ion concentration (mg/L) k1 (min–1) Qe (mg/g) R2 SD

30 0.038 29.967 0.9960 0.0001
40 0.191 39.904 0.9784 0.0001
50 0.560 47.664 0.9681 0.0002
60 0.463 49.383 0.9150 0.0002
70 0.429 53.192 0.7067 0.0004

Intra-particle diffusion model: Q c k tt m= + 1 2/

Initial Cd(II) ion concentration (mg/L) c km (mg/(g min0.5)) R2 SD

30 29.684 0.045 0.8515 0.0360
40 38.116 0.274 0.7343 0.3165
50 41.852 0.871 0.7116 1.0645
60 44.354 0.754 0.6612 1.0358
70 46.781 1.074 0.9269 0.5794

Pseudo-second-order model: t
Q k Q

t
Qt f f

= +
1

2
2

Initial Cd(II) ion concentration (mg/L) k2 (g/(mg min)) Qe (mg/g) R2 SD

30 0.863 29.976 1.0000 0.0002
40 0.165 39.809 1.0000 0.0008
50 0.051 47.237 0.9999 0.0025
60 0.053 49.116 0.9999 0.0023
70 0.021 54.585 0.9988 0.0103
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where R is the gas constant, T (K) is the temperature, and 
K is the equilibrium constant which is numerically approx-
imated the Langmuir constant b [54]. Thermodynamic para-
meters of ∆H and ∆S are evaluated by the following equation 
from the intercept and slope of ∆G against T (Fig. 14) [55]:

∆ ∆ ∆G H T S= −  (11)

Table 5 lists the values of ∆G, ∆H, and ∆S for the adsorption 
of Cd(II) ion onto LGPOH. It can be seen the values of ∆G 
are all negative at the three different temperatures (30°C, 

Fig. 12. Adsorption isotherm of Cd(II) ion by LGPOH at dif-
ferent temperatures, where the initial pH, adsorption time 
and LGPOH dosage were fixed to 6.1, 10 min, and 20 g/L, 
respectively, and the initial Cd(II) ion concentration varies from 
30 to 70 mg/L.

Fig. 14. Plot of ∆G vs. T for Cd(II) ion adsorption by 
LGPOH, where the initial pH, adsorption time and LGPOH 
dosage were fixed to 6.1, 10 min, and 20 g/L, respectively, 
and the initial Cd(II) ion concentration varied from 30 to 
70 mg/L.

Table 3
Estimated isotherm parameters for Cd(II) ion adsorption on LGPOH

Langmuir isotherm: 
C
Q bQ

C
Q

f

f

f= +
1

max max
Freundlich isotherm: log log

log
Q k

C
nf

f= +

Temperature (°C) b (L/mg) Qmax (mg/g) R2 SD k (mg1–1/nL1/n/g) 1/n R2 SD

20 4.270 51.230 0.9980 0.0080 39.973 0.091 0.9341 0.0280
30 4.319 51.948 0.9987 0.0061 41.061 0.087 0.9686 0.0198
40 4.661 55.279 0.9883 0.0128 42.924 0.098 0.9562 0.0265
50 5.125 55.371 0.9883 0.0136 44.004 0.089 0.9238 0.0351

 
Fig. 13. Linearized form plots of isotherm for Cd(II) ion adsorption on LGPOH: (a) Langmuir isotherm and (b) Freundlich isotherm, 
where the initial pH, adsorption time and LGPOH dosage were fixed to 6.1, 10 min, and 20 g/L, respectively, and the initial Cd(II) ion 
concentration varied from 30 to 70 mg/L.
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40°C, and 50°C), which suggests the spontaneous nature 
of adsorption and the feasibility of the present adsorption 
process. In addition, the decrease in ∆G values with tem-
perature increasing indicates that higher temperatures 
favor the adsorption of Cd(II) ion onto LGPOH. During the 
adsorption process, the water molecules are released from 
the hydrated ions and present on the surface of LGPOH 
[56], which increases the randomness at the solid-solution 
interface. So, the adsorption reaction shows a positive value 
of ∆S. Moreover, due to the endothermic nature of Cd(II) 
ion adsorption, the value of ∆H is positive.

4. Conclusions

A low-cost industrial waste, LGPOH was used as an 
adsorbent to remove Cd(II) ion from aqueous solution. 
The effect of pH value on Cd(II) ion adsorption capacity 
was investigated, and the adsorption mechanisms were 
discussed. Moreover, the Cd(II) ion adsorption kinetics, iso-
therm, and thermodynamics were evaluated. The following 
conclusions were drawn:

• The adsorption efficiencies of Cd(II) ion onto LGPOH 
are strongly dependent on the pH value of the solution. 
A relatively high Cd(II) ion adsorption efficiency was 
obtained at a pH of 6.1. When pH value is in the range 
of 1.5−6.1, Cd(II) ion adsorption onto LGPOH follows a 
complexation mechanism, while the chemical precipita-
tion played an important role in Cd(II) ion removal as pH 
is above 6.1.

• The Cd(II) ion adsorption onto LGPOH in aqueous solu-
tion is rapid and the adsorption kinetics can be well 
described by the pseudo-second-order kinetic model. 
The Cd(II) ion adsorption onto LGPOH is mainly con-
trolled by chemisorption, which is the rate-determining 
step.

• Higher temperature favors the adsorption of Cd(II) ion 
onto LGPOH. The equilibrium adsorption data for Cd(II) 
ion is well fitted by the Langmuir adsorption isotherm 
model. The maximum adsorption capacity of LGPOH for 
the Cd(II) ion is 55.37 mg/g at 50°C. Further thermody-
namic studies proved that the Cd(II) ion adsorption on 
LGPOH is spontaneous and endothermic.

• LGPOH is a cost-effective adsorbent for the removal of 
Cd(II) ion from aqueous solution, due to its low-cost and 
high adsorption capability.
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