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a b s t r a c t

In this study, removal of Cd from aqueous media by the adsorption of TiO2 nanoparticles (TNPs), 
with surface modification by humic acid (HA) was assessed. Results showed a linear increase of the 
coating percentage from 100–HA to 250–HA but no significant difference between the HA coated 
TNPs prepared at 250 and 350 mg L–1 due to an extremely narrow band gap. The obtained materials 
(HA–TNPs) were characterized by Fourier transform infrared spectroscopy and UV–visible spectro-
photometer. Then, batch adsorption techniques were carried out to examine the possible adsorption 
mechanisms of Cd onto TNPs and HA–TNPs. It was noted that the adsorption capacity of the HA–
TNPs for Cd enhanced considerably as compared to that of the bare TNPs, implying that HA coating 
might modify bioavailability of Cd in aquatic environment. Equilibrium data were best described by 
the Freundlich equation, and the partition distribution coefficient (k) of HA–TNPs increased by 34%, 
50% and 59% for Cd at 298, 315 and 332 K respectively, as compared to the bare TNPs, suggesting that 
HA–TNPs had a stronger affinity of sites for Cd adsorption than that of bare TNPs. 
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1. Introduction

Heavy metals are some of the mainly serious environ-
mental pollutants in water and soil. Heavy metal pollution 
poses a risk to the environment, and it can be harmful to 
human health via the food chain. Strict environmental reg-
ulations on the discharge of heavy metals and increasing 
demands for clean water with low levels of heavy metals 
make it greatly significant to develop a variety of efficient 
technologies for heavy metals removal [1–4]. However, var-
ious common methods to remove heavy metals from waste-
water including reduction and precipitation, coagulation and 
flotation, ion exchange, membrane technology, and electrol-
ysis are generally expensive or ineffective, particularly when 

the metal concentration exceeds 100 ppm [5]. These disad-
vantages have increased the need to develop alternative and 
low-cost water treatment methods for heavy metals [6].

The development in the field of science and engineer-
ing propose that several of the existing problems involving 
water quality could be resolved or reduced utilizing nano-
technology [7]. Considerable attention has been given to the 
development of nanomaterials absorbents with increased 
adsorption rate, capacity, selectivity for the target metals, 
various adsorbents such as carbon nanotube [8], nanosized 
zero-valent iron [9], nanoscale zero-valent manganese [10], 
nanosized metal oxides [11] have been investigated for the 
removal of heavy metals. The large surface areas, well-de-
fined pore sizes, high pore volume and high adsorption 
capacity, ease of modification, and diversity in surface func-
tionalization of nanomaterials absorbents can give extraor-
dinary chances for the adsorption of heavy metals in highly 
efficient and cost-effective approaches [12]. It was reported 
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that modification/functionalization of nanoparticles surfaces 
generate the binding capacities for heavy metals and provide 
the dispersion stability in suspension medium [12]. Recently, 
much consideration has been given on surface modification 
of nanomaterials absorbents by utilizing glycine, chitosan, 
gum arabic, glutaralde-hyde, polyethylenimine, polyer, 
EDTA, amino groups, 3-mercaptopropionic acid , citric acid, 
poly(acrylic acid), and humic acid etc. [13]. However, most 
of these nanomaterials absorbents and their surface modifi-
cation/functionalization process experience from high cost 
and/or the utilization of some environmentally incompati-
ble additives;therefore the application of above mentioned 
nanomaterials may cause potential environmental hazards 
[14]. Consequently, the development of low-cost, environ-
mental-friendly and biocompatible nanomaterial-based 
adsorbent is required for heavy metals removal.

The application of TNPs as biocompatible adsorbent 
[15] for the adsorption and immobilization of heavy met-
als has gained importance in view of its particular chemi-
cal composition and crystal structure [16]. TNPs are widely 
used in hard tissue replacement because of its nontoxicity 
and biocompatibility [15], and have been considered as an 
environmental benign functional material with remark-
able capacity to absorb heavy metals [16]. Furthermore, 
TNPs most commonly used semiconductors photocatalyst 
since they are highly photoactive, photostable, biologically 
and bio-chemically inert and relatively inexpensive. The 
photochemical technology using TNPs photocatalyst for 
the water treatment process is known as a clean method. 
It is now well established that the photocatalytic activ-
ity of TNPs generally depends on its morphology, crystal 
composition, crystallinity, particle size, surface area and 
porosity [17–20]. At present, TNPs have attracted a great 
deal of attention due to its very favorable ligand sorption 
properties through inner sphere complex formation [21] for 
removal of organic contaminants; others suggest this is due 
to electrostatic interaction and hydrogen bonding between 
TNPs and organic polar side groups [22]. In addition, it has 
been reported that there is no significant phytotoxicity of 
TNPs were observed through a seed germination test of let-
tuce [23], while TNPs have been used as nanoscale amend-
ments in agriculture due to their photocatalytic properties. 
TNPs inhibit pathogenic infection in cucumber by Pseu-
domonas syringae pv. lachrymals (68.6%) and P. cubensis 
(90.6%) [24]; importantly, the authors also reported signifi-
cant increases in photosynthetic activity (30%) as compared 
to control plants. Therefore, TNPs exhibit great potential 
to be used as biocompatible and environmental-friendly 
adsorbents for heavy metals removal from aqueous media.

Till date, numerous magnetic nanomaterials, including 
maghaemite nanoparticles [25], Fe3O4 magnetic nanoparti-
cles [26], Fe3O4 nanoparticles functionalized and stabilized 
with compounds like humic acid, amino-functionalized 
polyacrylic acid (PAA) [27], and different biopolymers like 
gum arabic [28], chitosan [29] and polysaccharides [30] have 
been explored for the removal of heavy metals. Based on the 
above results, we can conclude that the compounds used 
for the surface modification or functionalization of adsor-
bents have some what significant in common, such as; these 
compounds show strong metal complexing ability. Keeping 
this in view, more and more researchers are experimenting 
to come up with better alternatives to the existing options 

[31,32]. Aquatic humic acid (HA) constitutes 30–50% of 
NOM in natural aquatic systems [33]. Humic acid (HA) 
has a skeleton of alkyl and aromatic units that attach with 
carboxylic acid, phenolic hydroxyl, and quinone functional 
groups [34]. As these functional groups have high com-
plex ability with heavy metal ions, humic acid (HA) was 
applied to remove heavy metal ions from water. Binding of 
humic acid (HA) to nanomaterials influences the sorption 
behavior of both humic acid (HA) and nanomaterials [13]. 
This is because the adsorption of humic acid (HA) results 
in a polyanionic organic coating on nanomaterials and 
thus essentially altering the surface properties of the par-
ticles [13]. Enhanced removal of heavy metals through HA 
modification/coating of Fe3O4 magnetic nanoparticles have 
been examined before [35,36]. In addition, HA could also 
coaton the surface of carbon nanotubes, graphene oxide 
nanosheets, SiO2, TiO2, Al2O3or ZnO nanoparticles, making 
removal of atrazine [37], phenanthrene [38], ionizable aro-
matic compounds [39] and heavy metals [40] more effective 
from aqueous media. However, as for the biocompatible 
TNPs, little information is available regarding the mecha-
nisms between TNPs and humic acid. Alternately, the pos-
sibility of using humic acid modified TNPs as an adsorbent 
material to remove heavy metals from wastewater is how-
ever not explored. In our previous work, organic matter 
has been proven to have great binding affinities for TNPs 
surface [34]. And thus, according to above introduction, 
humic acid modified TNPs may be a potential adsorbent 
for removal of heavy metals from aqueous solution.

In the present work, a novel biocompatible and environ-
mental-friendly nanostructured absorbent prepared by mod-
ifying TNPs with HA (denoted as HA–TNPs) has been tested 
for the removal of Cd from aqueous media. The physical 
and chemical characterization of the prepared HA modified 
TNPs were carried out, and the applicability of HA–TNPs in 
Cd removal was estimated in view of the adsorption kinetic 
and capacity, as well as effects of pH and temperature. 

2. Materials and methods

2.1. Materials and chemicals

TiO2 nanoparticles (anatase from) and humic acid were 
purchased from Sigma-Aldrich (Ankara, Turkey). TNPs 
have purity, diameter, and specific surface area of 99.7%, 25 
nm, and 45–55 m2/g, respectively. The pHZPC (zero point of 
charge) of TNPs is approximately 4.2 determined by Zeta-
sizer Nano S Instrument (Malvern Instrument Ltd, Malvern)
as described in detail in our previous work [30] and humic 
acid (>99%) is black crystalline powder, which is selected as 
a NOM model molecular used in this study. Total organic 
carbon analyzer (Apollo 9000, Teledyne Tekmar), was used 
to determine the TOC content of HA, after centrifuging 
and filtering through disposable 0.45-μm membranes. Cd 
solution was prepared from of cadmium (Cd(NO3)2·4H2O) 
(purity >99%). All other solutions were prepared using 
analytical grade chemicals (National Medicine Corporation 
Ltd., Shanghai, China) and Milli-Q element ultrapure water 
(18.2 X, Millipore, Billerica, MA, USA). All the glassware 
was prewashed with 5% HNO3 for 24 h, systematically 
rinsed with distilled water and Milli-Q water three times, 
respectively, and dried at 60°C before use.
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2.2. Preparation of modified TNPs with humic acid (HA)

The steps of preparation of HA coated TNPs followed 
the previous description of Yang and Xing [38] with minor 
modifications. Briefly, 5 g TNPs was mixed with 1 L HA 
solution in a bottle and shaken for 2 d, after which the sus-
pensions were centrifuged at 3500 g for 30 min. The pre-
cipitated materials were freeze-dried, ground, and stored 
for future experiments. HA concentrations in solution were 
100, 250, and 350 mg L–1 for TNPs. The residual HA con-
centrations in solution after coating were measured by total 
organic carbon (TOC) analysis (Shimadzu, TOC-VCPH). 
The carbon contents of TNPs, and modified TNPs with HA 
(HA–TNPs) were determined using an elemental analyzer. 
These samples and HA were also characterized by Fourier 
transform infrared (FTIR) spectroscopy and UV–visible 
spectrophotometer. HA modified TNPs were labeled by 
the HA concentrations. For example, 100–HA–TNPs repre-
sented the TNPs modified by 100 mg L–1 of HA.

2.3. Adsorbent characterization

Preliminary experiments were done to estimate the 
necessary time required to obtain equilibrium for Cd 
adsorption by the TNPs or HA–TNPs, which could be 
attained after 2 h as shown in Fig. 3A. Therefore, an equi-
librium time of 2 h was selected in this study. Adsorption 
experiments were performed by shaking a certain amount 
of TNPs or HA–TNPs adsorbent with 50 mL of the aque-
ous solution of Cd in various 50 mL polyethylene centri-
fuge using a temperature-controlled shaker. The pH of 
the solutions was adjusted with HNO3 or NaOH and was 
determined both before and after each experiment. The 
TNPs or HA–TNPs suspensions were shaken on thermo-
stated shaker at 150 rpm for 2 h. After adsorption exper-
iments, the 50 ml centrifuge tubes were centrifuged at 
12,000 rpm (5810R, Eppendorf, Germany) for 4 min, and 
the supernatant solutions were pipetted from the centri-
fuge tubes. The supernatant solutions were pipetted from 
the centrifuge tubes and filtered through disposable 0.45 
mm pore size polycarbonate filter. The conditions affect-
ing Cd adsorption onto TNPs or HA–TNPs were also stud-
ied by systematically varying the pH and temperature. 
The Cd concentrations in the equilibrium aqueous phase 
were determined by graphite furnace atomic absorption 
spectrometry (AA-600, Perkin- Elmer, USA). The percent 
of removed Cd by the adsorbents was calculated by the 
following formula:

% Removal
C C

C
e=

−( )
×0

0

100 � (1)

The adsorption capacity of Cd was calculated from the 
following mass balance equation:

q
C c V

me
e=

−( )0 � (2)

where qe (µg g–1) is the equilibrium adsorption capacity; C0 
and Ce (µg L–1) are the initial and equilibrium concentrations 
of Cd in solution; V (L) is the volume of aqueous solution 
containing Cd; and m (g) is the weight of adsorbent. The 
experiments were performed in triplicate and mean values 

were taken into account. The relative deviations met with 
the requirement of less than 5%.

2.4. Desorption and reusability studies

To examine the usability of the adsorbent, the desorp-
tion behavior of HA–TNPs was investigated. For desorp-
tion studies, were carried out in 5 mL of 0.05 N H2SO4 
maintained at a constant temperature of 298 K. The Cd 
adsorbed HA–TNPs were placed in the desorbing medium 
on a rotary shaker at 150 rpm for 30 min. The residual Cd 
in the solution was measured after HA–TNPs removal in 
order to estimate the amount of Cd desorbed. 

Reusability study of HA–TNPs was carried out by fol-
lowing the adsorption–desorption study for 5 cycles. The 
adsorption efficiency in each cycle was analyzed. Both the 
adsorption and desorption experiments were followed as 
described above.

3. Results and discussion

3.1. Adsorbent characterization

The characterization results FTIR of TNPs and HA–TNPs 
with different concentrations of HA are shown in Fig. 1. The 
data show that observed peak of TNPs at 1627 cm–1 shifted 
to 1617 cm–1, 1615 cm–1 and 1622 cm–1 for 100–HA–TNPs, 
250–HA–TNPs, and 350–HA–TNPs respectively. As exposed 
in Fig. 1, absorption spectra suggest strong interactions of 
phenolic OH of HA with TNPs. These shifts in characteris-
tic wave numbers in the direction of lower wave numbers, 
indicated the presence of strong hydrogen bonds between 
the –OH groups and also between the –C=O– groups [41].
Surprisingly, 250–HA–TNPs showed the largest shift as well 
as strongest absorbance. This may be due to ligand exchange 
between TNPs and HA and larger band gap as shown in 
Fig. 2B. In comparison with pure TNPs, a number of continu-

 

Fig. 1. FTIR spectra of HA (a) TNPs (b) adsorbed 100 – HA on 
TNPs (c) adsorbed 250 – HA on TNPs (d) adsorbed 350 – HA on 
TNPs (e).
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ous new peaks around 1400–1500 cm–1 showed after binding 
with HA, owing c=c and C=O stretch of HA, particularly, the 
tiny peak around 1320, 1345 and 1530 cm–1 should be VsC-O, 
VasC00-, and VsCOO-. Furthermore, the peak of O – H stretching 
bond at 3300–3600 cm–1 may appear from a various extent of 
ligand exchange between phenolic groups in TNPs and HA. 
We also observed that as amount of HA increased the peak 
at 2350–2400 becomes weaker, owing to the strong interac-
tions of phenolic groups with TNPs. Compared with the ones 
coated with HA at 250 and 100 mg L–1, there is sharp increase 
in intensity of the peak of the O–H, around 3500 cm–1, in TNPs 
after modifying with HA at 350 mg L–1. This could happen as 
a consequence of the ligand exchange between –OH groups 
and TNPs and HA carboxyl/hydroxyl functional groups 
[38]. FTIR analyses demonstrated the successful modification 
of TNPs surface with HA.

Fundamental absorption in a material corresponds to 
movement of electron from valence band to conduction 
band; this information is useful in determining band gap of 
material. The UV–visible spectra of the sampled nanoparti-
cles are exposed in Fig. 2A. It is observed that modified the 
TNPs with HA resulted in an increased in photon absor-
bance. The optical band gap was determined via method 
described by Ghobadi [42]. We have plotted (A/λ)2 as func-
tion of 1/ λ , where, A is the absorbance and λ is the wave-
length. This plot gave a typical graph consisting of a linear 
portion, as shown in Fig. 2B. The optical band gap was 
determined by extra plotting the linear portion of the plot 
to (A/λ)2 = 0 (to intercept the x-axis). The band gap of TNPs 
(Eg = 3.42 eV) is higher than that reported in the literature 
(Eg = 3.0 eV for rutile and around 3.2–3.25 eV for anatase 
titania) [43]. The HA coated TNPs revealed new deep levels 
which are at 3.03, 3.31 and 3.32, for 100 – HA – TNPs, 250 
– HA – TNPs, and 350 – HA – TNPs, respectively. Interest-
ingly, it is found that the HA coating changed the band gap 
property of TNPs. Similar conclusion was found on fabrica-
tion of methylammonium lead iodide (CH3NH3PbI3) films 
from different molar ratios of CH3NH3I to PbI2, the optical 
band gap of CH3NH3PbI3 , tuned from 1.52 eV to 2.64 eV by 
varying the CH3NH3I concentration [44]. However this was 
attributed that the HA coating can reduce the adhesion of 
TNPs that will be explained in the following section.

Based on the TOC measurement showed that the 
amount of HA coated on 100 – HA – TNPs, 250 – HA – 
TNPs, and 350 – HA – TNPs was 0.938%, 2.306% and 
2.355%, respectively in terms of carbon content as shown in 
Table 1. The linear increase of the coating percentage from 
100 – HA to250 – HA implied that HA coating on TNPs pro-
cessed with multilayer formation. In contrast, the data indi-
cated that there was no significant difference between the 
HA coated TNPs prepared at 250 and 350 mg L–1 as shown 
in Table 1. This verifies the previous result which indicates 
chemical adhesion for TNPs reduced due to narrow band 
gap energies 3.31 and 3.32 eV for 250 – HA – TNPs, and 350 
– HA – TNPs, respectively. Therefore, we select 350 mg L–1 

HA coating from further analysis and testing.

3.2. Adsorption kinetics

Kinetics adsorption of Cd onto TNPs and HA–TNPs 
are shown in Fig. 3. A rapid adsorption of Cd occurred 
within 100 min, and then followed by a slow adsorption 
until the adsorbed Cd finally achieved a plateau value after 
2 h which might be because of vacant adsorption spots 
decrease as the adsorbent becomes covered [45]. Kinetic 
study was significant to an adsorption process because it 
illustrated the elimination rate of Cd, and controlled the 

Fig. 2. Light absorbance A (a,b,c,d) and band gap energy B (e,f,g,h) of TNPs, 100 – HA – TNPs, 250 – HA – TNPs, 350 – HA –TNPs 
respectively.

Table 1
Organic carbon contents and band gap energy of TNPs and HA 
– TNPs 

Material type C, (%) Ce, ( mg TOC L–1) Eg (eV), Exp

TNPs 0.032 Undetectable 3.42

100 – HA – TNPs 0.938 2.40 3.03

250 – HA – TNPs 2.306 4.60 3.31

350 – HA – TNPs 2.355 56.40 3.32

aC: organic carbon content, representing adsorbed HA amount 
for coated TNPs: Ce: residual HA concentrations in solution after 
coating; Eg: band energy gap of TNPs and HA – TNPs.
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residual time of the whole adsorption process. To well 
understand the adsorption mechanism and kinetics, two 
kinetic models including pseudo-first-order and pseu-
do-second-order were preferred to examine the kinetics 
of Cd adsorption onto TNPs and HA–TNPs. The pseu-
do-first-order kinetic model [46] and pseudo-second-order 
model [47] are presented as follows:

Log (qe – qt) = log qe – (k1/2.303)t �  (3)

t/qt = 1/k2 q
2

e + (1/qe)t� (4)

where qe and qt are the amount of Cd adsorbed for adsorbent 
(µg g–1) at equilibrium and at time t, respectively; k1(min–1) 
and k2 (g(µg min)–1) are the rate constant of pseudo-first-or-
der kinetic model and pseudo-second-order model rate 
constant, respectively. The values of k1 and qe for Cd adsorp-
tion by TNPs and HA–TNPs were determined from the plot 
of log (qe − qt) vs. t (Fig. 3B). The plots of t/qt versus t based 
on the pseudo-second-order kinetic are shown in Fig. 3C.

Table 2 illustrates the predicted model constants of the 
above two equations. It was observed that the correlation 
coefficients (r2) values for the pseudo-first-order kinetic 
model were relatively low and the calculated qe values did 
not agree with the experimental ones. This showed that 
the pseudo-first-order kinetic model could not sufficiently 
illustrate the adsorption of Cd onto TNPs and HA−TNPs. 
Actually; in majority cases researchers have found the 
pseudo-first-order equation does not fit well to the whole 
range of contact time and is commonly valid over the ini-
tial stage of the adsorption processes [48]. For the pseu-
do-second-order kinetic model, the calculated correlation 
coefficient (r2) was closer to unity. Furthermore, the cal-
culated qe values agreed very well with the experimental 
ones, illustrate a good linearity with r2 above 0.99. As the 
experimental data were in good agreement with the pseu-
do-second-order model which suggested that the rate-lim-
iting step in adsorption is controlled by chemical process 
[49]. It demonstrated that the Cd adsorption capacity 
was proportional to the number of active sites occupied 
on TNPs and HA–TNPs. As the adsorption process went 
on, active adsorption sites would decline. Therefore, the 
rate of the Cd adsorption by TNPs and HA–TNPs mostly 
depended on the available adsorption sites on TNPs and 
HA–TNPs for Cd at any time

3.3. Effect of pH onthe absorption of Cd 

The effect of pH on the adsorption capacity at equilib-
rium conditions is shown in Fig.4A. The results indicate 
that the adsorption capacity of Cd onto TNPs and HA–
TNPs increased slightly from pH 3.0 to 5.0, sky scraped 
from pH 5.0 to 8.0, and afterward researching a maximum 
at pH 8.0 to 10.0. Fig. 4E shows the Zeta potential curve of 
TNPs and HA–TNPs, it can be seen that the points of zero 
charge (PZC) locate at pH 4.2 and 3.9 for TNPs and HA–
TNPs, respectively. When pH < pHpzc value, there would 
be a competition between protons and Cd ions in the 
adsorption on surface groups of HA–TNPs, resulting in 
low Cd adsorption. Furthermore, when the active sites are 
protonated, the surface of HA–TNPs becomes positively 
charged and consecutive adsorption of Cd ions in solution 

 

Fig. 3. Effect of contact time on adsorption capacity of Cd on 
TNPs and HA–TNPs (A); the fitting of different kinetic models 
for Cd adsorption onto TNPs and HA–TNPs; pseudo-first-or-
der(B), pseudo-second-order(C). [Adsorption conditions: ad-
sorbent dosage = 10 mg L–1, pH 7.0, and temperature = 298 K].
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Table 2
Pseudo-first-order and pseudo-second-order kinetic model constants for Cd adsorption onto TNPs and HA–TNPs

Fitting model Adsorbents qe, (µg g–1), exp qe, (µg g–1), cal K1, (min–1) r2

Pseudo-first- order 
mode

TNPs
HA–TNPs

265.00
311.68

138.12
0.045

2.387-E02
4.415-E02

0.875
0.780

Adsorbents qe (µg g–1), exp qe (µg g–1), cal K2 (g(µg mint)–1) r2

Pseudo-second-order 
model

TNPs
HA–TNPs

265.00
311.68

284.20
349.16

2.460-E04
1.326-E04

0.999
0.996

 

 

 Fig. 4. Effect of pH, ionic strength on the adsorption of Cd onto TNPs and HA–TNPs (A) and Freundlich adsorption curves of Cd 
onto TNPs and HA–TNPs at various pH. 5.0 (B), 7.0 (C) and 10.0 (D). Zeta potential of TNPs and HA–TNPs at different pH (E). [Ad-
sorption conditions: adsorbent dosage = 10 mg L–1, and temperature = 298 K]. 
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on the surface is less probable to occur. Regarding the point 
of zero charge (pHpzc) of HA–TNPs, in solution having 
pH value lower than pHpzc of HA–TNPs, the surface sites 
could be protonated and positively charged. Alternatively, 
the active sites are deprotonated when the solution pH is 
higher than pHpzc, resulting in negatively charged sites 
and the adsorption of Cd cations on HA–TNPs could pos-
sibly take place via electrostatic interaction with the nega-
tively charged sites on HA–TNPs. However, in this study, 
the maximum adsorption of Cd was observed at pH val-
ues near or above than pHPZC of adsorbents (pHpzc TiO2= 
4.2, pHpzcHA = 1.9). This may be due to the development 
of negative charge on the surface of the adsorbents. There-
fore, the parts of adsorption of Cd ions on HA–TNPs sur-
face for Cd would occur via electrostatic interaction. It was 
observed that that HA aliphatic chains are the basic struc-
ture for HA fractions on HA–TNPs [50], and they might 
form net, stretch, or spongy structures below pH 7.0, but 
condensed when solution pH is above 7.0 [51]. Therefore, 
more available adsorption sites would be exposed for Cd 
with pH increase. Meanwhile, the complexation effect for 
Cd would weaken.

Therefore, Cd adsorption was investigated using the 
Langmuir model and the Freundlich model, which are pre-
sented as follows:

Log qe = log kF + 1/n log Ce� (5)

Ce/qe = Ce/qm + 1/qmKL � (6)

where qm and Ce are the amount of metal adsorbed (µg g–1) 
and the equilibrium metal concentration (µg L–1), respec-
tively. k and n are the Freundlich constants which are related 
to adsorption capacity and intensity, respectively. Adsorp-
tion isotherms parameters and correlation coefficients (r2) 
of Cd on TNPs and HA–TNPs at pH 5.0, 7.0, and 10.0 calcu-
lated from Freundlich and Langmuir adsorption model as 
shown in Table 3. The Freundlich model is found to be the 
best fit with the test data, with the highest correlating coef-
ficient (r2) as shown in Table 3. n is a dimensionless param-

eter correlated to the surface heterogeneity, and if the value 
of n approaches 1, it is represented of homogeneous surface 
[52]. n values of Freundlich parameter of Cd adsorption on 
TNPs and HA–TNPs were both near 1, which demonstrated 
that both adsorbents possessed relative homogeneous sur-
faces. While KF value of Freundlich adsorption coefficient 
is a unit-capacity parameter, defined as the concentration 
adsorbed per gram of the adsorbent divided by its equilib-
rium concentration Ce, a higher KF shows a higher selectivity 
or adsorption. KF (HA–TNPs) were higher than the corre-
sponding KF (TNPs) at pH 5.0, 7.0 and 10.0, suggesting that 
the adsorption capacity of HA–TNPs was stronger than 
TNPs. 

The adsorption capacity of the HA–TNPs particles from 
the Langmuir isotherm is 813 µg g–1. This value is higher 
than the reported 52.5, 500 and 700 µg g–1 of Cd adsorption 
on Arsenic (As) and selenium (Se) ion imprinted polymers 
[53], TiO2 (degussa P 25) [54], and commercially activated 
carbon adsorbents, respectively [55] and comparable to the 
1390 µg g–1 adsorption capacity of Cd on a commercially 
available Granular activated carbon [56].

3.4.. Effect of ionic strength on the Cd absorption 

The ionic strengths of 0.1 mM, 0.01 mM and 0.001 mM 
NaNO3 were chosen to examine their effect on Cd adsorp-
tions onto HA–TNPs. Fig. 4A shows that Cd adsorption 
decreased with increasing ionic strength (Na ions concen-
tration in solution). With increasing Na ions concentration 
in solution, the competitive adsorption of Cd with the Na 
ions adsorbed on Na–HA–TNPs surface increases and 
thereby the adsorption of Cd on Na–HA–TNPs decreases. 
This phenomenon could be attributed to two reasons: 
Firstly, a decreasing electrolyte concentration favored the 
complexation tendency of Cd ions with the hydroxyl func-
tional groups on HA–TNPs, which increases the adsorption 
process. Secondly, an increasing ionic strength of solution 
influenced the activity coefficient of metal ions that may 
have limited their transfer to the surfaces [57].

Table 3
Predicted isothermal constants of Cd by Freundlich and Langmuir isotherms at different pH

Model type pH Adsorbents KF ((µg g–1·(L µg–1)–n) 1/n r2

Freundlich 
adsorption 

5

7

10

TNPs
HA–TNPs
TNPs
HA–TNPs
TNPs
HA–TNPs

47.915
56.569
44.882
68.133
50.396
97.469

0.502
0.551
0.756
0.638
0.996
0.933

0.994
0.993
0.993
0.993
0.989
0.987

pH Adsorbents qm (µg g–1) KL (L µg–1) r2

Langmuir  
adsorption 

5

7

10

TNPs
HA–TNPs
TNPs
HA–TNPs
TNPs
HA– TNPs

3.17E+02
4.68E+02
9.64E+02
8.13E+02
3.21E+04
6.35E+03

0.110
0.092
0.039
0.066
0.002
0.015

0.981
0.972
0.976
0.957
0.019
0.524
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3.5. Effect of competing cations on the Cd adsorption

In order to examine the influence of competing cations on 
Cd adsorption, the adsorption of Cd on HA–TNPs was inves-
tigated in 0.001–0.01 mmol L–1 KNO3, 10–50 µg L–1 Ca(NO3)2, 
and 10–50 µg L–1 Pb(NO3)2, respectively. All the interfering 
cation solutions were prepared from their nitrate salts, as 
nitrate anions were thought not to play a part in adsorption, 
forming only weak complexes with metals. Fig. 5 illustrates 
that the Cd adsorption capacity decreased at different degrees 
in the presence of competing cations. The influence sequence 
of coexisting cations on adsorption of Cd to HA–TNPs was 
in the range of Pb2+ > Ca2+ > K+. It seemed that the presence 
of appreciable quantities of K+ had no obvious effects on Cd 
adsorption. This behavior might be attributed to the fact that 
K+ ion had poor affinity towards the adsorption sites of HA–
TNPs compared with Cd. As shown in Fig. 5, it was obvious 
that the presence of Pb2+ in solution significantly reduced 
Cd adsorption; the higher the Pb2+ concentration, the more 
pronounced efficiency reduction in Cd removal. A similar 
effect was found for Ca2+. It was considered that the bind-
ing sites on HA–TNPs surface were limited and when other 
cations, such as Ca2+, Pb2+ were present in Cd solution, they 
were also adsorbed onto HA–TNPs surface in addition to 
Cd. The effective binding sites available for Cd adsorption 
thus reduced, depending on the equilibria between adsorp-
tion competitions from all the cations. The results in Fig. 5 
also showed that different cations had different affinities to 
the HA–TNPs binding sites; hence, Cd adsorption inhibited 
to varying degrees. It was showed that Pb2+ inhibited Cd 
adsorption more significantly than Ca2+. This could be elu-
cidated that the stronger surface complexation of Pb2+ with 
carboxyl and/or phenolic groups in HA than Ca2+.

3.6. Effect of temperature on the adsorption of Cd

To observe the effect of temperature, adsorption studies of 
Cd onto TNPs and HA–TNPs were performed at three differ-
ent temperatures: 298, 315, 313 K as shown in Fig. 6. The data 
of the Cd adsorbed at equilibrium (qe, µg g–1) and the equilib-
rium Cd concentration (Ce, µg L–1) were fitted to the Langmuir 

and Freundlich adsorption model in Eqs. (5) and (6). Adsorp-
tion parameters and correlation coefficients (r2) of Langmuir 
and Freundlich adsorption model is listed in Table 4. As Table 
4 shows, both the models adequately predicted adsorption 
of Cd on HA–TNPs, however; only the Freundlich equation 
yielded a better fit. This suggests that HA–TNPs have charac-
teristics with several possible functional groups responsible 
for adsorption of Cd. In addition, the parameter k of Freun-
dlich model increased as the temperature enhanced, so did 
the adsorption amount of Cd. The adsorption capacity sig-
nificantly increased by 34%, 50% and 59% at 298, 315 and 332 
K, respectively for Cd based on their respective Freundlich k 
values. The increase in metal uptake with increasing tempera-
ture may be due to either higher affinity of sites for Cd or an 
increase in the number of binding sited on HA–TNPs.

This high adsorption capacity exhibited by HA–TNPs-
may be explained by its nano-scale particle size giving 
access to a larger surface area as well as the incorporation of 
a large number of hydroxyl functional groups of HA, which 
provided effective adsorption sites for the binding of Cd 
[28–30]. Table 4 as well as Fig. 6 amply demonstrates the 
sensitivity of the adsorption process towards temperature 
and it is observed that adsorption increases with increase in 
temperature for all cases.

3.7. Thermodynamic study

To further estimate the effect of temperature on the 
adsorption and examine the possible mechanism involved 
in the adsorption process, the thermodynamic behaviors 
were calculated as follows. The free energy of adsorption 
process, considering the adsorption equilibrium coefficient 
K0, is given by the equation:

∆G° = −RT ln K0�  (7)

where ∆G0 is the standard free energy of adsorption (kJ 
mol–1), T is the temperature in Kelvin and R is the universal 
gas constant (8.314 J (mol K)–1). The adsorption distribution 
coefficient K0, was determined from the slope of the plot ln 
qe/Ce against qe at different temperatures and extrapolat-
ing to zero qe according to the method suggested by Khan 
and Singh [58]. The values of enthalpy change (∆H°) and 
entropy change (∆S°) were calculated from the slope and 
intercept of the plot of ∆G° vs. T , using the equation:

∆G° = ∆H° − T ∆S°� (8)

Table 5 which summarizes the values of these parame-
ters demonstrates the endothermic nature of the adsorption 
process (∆H° values are positive). A possible explanation is 
that Cd ions are well hydrated and will require breaking of 
the hydration sheath so as to proceed for adsorption; this in 
turn requires high energy. High temperature hence favors 
the dehydration process and ultimately the adsorption phe-
nomenon too. Similar observation and explanation have 
been given [59].

The negative ∆G°value suggests that the adsorption pro-
cess is a spontaneous process and thermodynamically favor-
able under the experimental conditions. The decrease of ∆G° 
with increasing temperature indicates more efficient adsorp-
tion at higher temperature. In addition, at higher temperature, 

Fig. 5. Effects of competing cations on the adsorption of Cd by 
HA–TNPs. 
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the Cd are readily desolvated, which enhances the sorption 
process. The positive ∆S° values indicate the affinity of the 
adsorbents towards Cd in aqueous solutions and may sug-
gest increasing degree of freedom at the solid–liquid interface 
during the sorption of metal ions on to the adsorbents [50].

3.8. Desorption and reusability studies

Desorption of the loaded adsorbent is a key factor for 
improving the economies of the adsorption process, and to 
some extent can clear the mechanism of the sorption. Desorp-
tion experiments carried out with Cd laden HA–TNPsin 0.05 
N H2SO4 showed that approximately 88% of the adsorbed 

cadmium was desorbed. Results of the adsorption capac-
ity of HA–TNPs for five consecutive adsorption–desorp-
tion cycles are graphically illustrated in Fig. 7. In all cycles, 
desorption was 88.27–88.33%. Therefore, we concluded 
that the physically adsorbed cadmium was desorbed at the 
fifth cycle. We also attributed the dissolution of Cd(OH)2 
to both electrostatic and complexation reactions occurring 
between the HA–TNPs and the Cd ions, which prevented 
complete desorption. A 1.24 % decrease in adsorption effi-
ciency occurred after five consecutive cycles of adsorption–
desorption that demonstrates good stability and reusable 
properties in the studied experimental conditions [Fig. 7]. 
This fulfills an important criterion for advanced adsorbents.

4. Conclusions

This study focused on assessing the adsorption effi-
ciency of a novel HA–TNPs adsorbent synthesized from a 
natural organic matter for a toxic Cd metal ion. The mod-
ifying characterations have been confirmed by FTIR and 

Fig. 7. Recycling of HA–TNPs in the removal of Cd [average val-
ue of 3 tests, error < 2.32%].

 Fig. 6. Langmuir and Freundlich isotherms at different temperatures for the adsorption of Cd onto TNPs and HA–TNPs). [Adsorp-
tion conditions: adsorbent dosage = 10 mg L–1, pH 7.0].

Table 4
Predicted isothermal constants of Cd by Freundlich and 
Langmuir isotherms at different temperatures

Model type Parameter Temperature (K)

298 315 332

Freundlich 
adsorption 

KF (µg g–1.(L µg–1)–n)
1/n
r2

68.133
0.638
0.993

91.385
0.602
0.993

110.936
0.581
0.990

Langmuir 
adsorption

qm (µg g–1)
KL (L µg–1)
r2

813.347
0.066
0.957

862.420
0.087
0.981

972.409
0.090
0.966

Table 5
Thermodynamic parameters of the Cd adsorption onto HA–
TNPs at different temperatures

Temperature 
(K)

ln K0 ∆G0  

(kJ mol–1)
∆H0 
(kJ mol–1) 

∆S0 

(J mol–1 K–1)

298 4.131 –9.721
315 4.522 –11.202 15.351 88.691
332 4.762 12.393
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UV–visible spectrophotometer. The HA–TNPs adsorbent 
could successfully be utilized to remove Cd from aqueous 
media. The solution pH and temperature greatly affected 
the adsorption of Cd onto HA–TNPs. The adsorption kinet-
ics for the removal of Cd by TNPs and HA–TNPs was well 
elucidated by pseudo-second-order kinetic model which 
suggested that the Cd uptake was a chemisorption process. 
The equilibrium data could be well explained by the Freun-
dlich isotherms. The partition distribution coefficient (k) of 
HA–TNPs increased by 34%, 50% and 59% for Cd at 298, 315 
and 332 K, respectively as compared to the bare TNPs, which 
could be attributed that HA–TNPs has a stronger affinity of 
sites for Cd adsorption than that of bare TNPs. These find-
ings indicates that HA modification being a useful method 
to improve the adsorption affinity of metallic contaminants 
onto TNPs. Thermodynamic calculations demonstrates that 
the Cd adsorption process by HA–TNPs was spontaneous, 
endothermic and entropy-increasing in nature. Results of 
this study were of great significance for environmental appli-
cations of modified TNPs nanoparticles as a promising can-
didate material for Cd removal from aqueous media.
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