
Vol.:(0123456789)1 3

Journal of the Iranian Chemical Society (2019) 16:695–705 
https://doi.org/10.1007/s13738-018-1546-1

ORIGINAL PAPER

A new effective nano-adsorbent and antibacterial material 
of hydroxyapatite

Mohammad Chahkandi1 · Seyedeh Roghayyeh Saadatdar Arami1 · Masoud Mirzaei2  · Behnam Mahdavi1 · 
Seyed Mahmod Hosseini‑Tabar1

Received: 30 May 2018 / Accepted: 7 November 2018 / Published online: 16 November 2018 
© Iranian Chemical Society 2018

Abstract
In the present work, nano-particles of potassium-substituted hydroxyapatite with formula of  (Ca2.94K2.06)
(PO4)0.94(CO3)2.06(OH) (KHA) are reported showing effective adsorption of Congo red dye in the room temperature. Syn-
thesized sol–gel-derived KHA was identified by XRD, FTIR, TGA/DTA, and EDXA analyses. Moreover, the size of nano-
particles and micro-strain of the synthesized KHA were measured using Williamson–Hall (W–H) plots and TEM in amount 
of 65–70 nm. The capacity of equilibrium adsorption (qm) for 100 ppm of Congo red was evaluated as high as 505.19 mg 
 g−1 under optimum conditions. The adsorption charts and kinetic results obtained at ambient conditions well fitted with the 
Langmuir equation and the pseudo–first–order model with correlation coefficients of 0.9939 and 0.9867, respectively. The 
obtained results obviously show that the new synthesized KHA can be used for industrial wastewater purification in a good 
manner. The title nano-material also shows excellent antibacterial activity as highly prevention of bacteria strain growth 
with the lowest concentration of 125 µg/mL.

Keywords Potassium-substituted nano-particle of hydroxyapatite · Sol–gel · Congo red · Kinetics · Adsorption isotherms · 
Antibacterial activity

Introduction

The synthetic organic compounds are commonly present in the 
wastewaters of industries that make serious obstacles such as 
human health, make slowing of micro-organisms growing, and 
carcinogenic and mutagenic for aquatic systems [1, 2]. They 
often contain aromatic rings make them stable and toxic (caus-
ing health and visibility problems) and cannot be completely 
removed from environmental wastewaters [3]. Therefore, sev-
eral methods of dye removing from aqueous solution are used 
including chemical reduction and oxidation, precipitation, 
electrochemical, and adsorption ones [4–8]. However, apply-
ing inorganic or/and organic adsorbents, because of simplicity, 

low energy, without generating toxic sludge, can be applied as 
an effective method [9]. A diazo dye called Congo red (CR) 
(CR) (sodium salt of benzidinediazobis-1-naphthylamine-
4-sulfonic acid) with good water solubility is an anionic color 
commonly used in textile industries and as the pH indicator. 
However, solubility of CR in water resulted in some difficulty 
for discoloring, while adsorption method can handle this chal-
lenge [10–13]. In the last years, azo dyes elimination like CR 
by different adsorbent materials as bentonite,  CuFe2O4, nano-
porous silica, fly ash, kaolin, marble powder, and some more 
have been researched [14–16]. Most of the above-mentioned 
compounds do not show highly capacity of adsorption (under 
100 mg/g) within CR molecules. Therefore, other alternative 
adsorbents are used, such as calcium phosphate (Ca-P) includ-
ing calcium hydroxyapatite (CaHA) owing to low-cost, and 
highly effective for removing the pollutants [10–13, 17–19]. 
CaHA and its derivatives possess two ionic binding sites as 
C, full of calcium ions (positive charge) and P, and full of 
phosphate ions (negative charge) within the unit cell surfaces 
[20]. Therefore, the anionic CR dye can be electrostatically 
attracted on C sites [10–13]. Therefore, the title material has 
been used as contaminates removal from wastewater such as 
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cationic and anionic proteins, azo dyes, and phenols [21–23]. 
It should be mentioned that there are not any reports concern-
ing CR adsorption by sol–gel-prepared KHA in the literature.

As an extension of our continued interest in the prepara-
tion of new nano-materials bearing some potential appli-
cations like separation, environmental photocatalytic deg-
radation of dye and organic pollutants [23–30], herein, a 
new KHA was for the first time synthesized by the sol–gel 
method showing as the efficient adsorbent for CR. During 
the past decade, since cation-doped HAPs, that is, substitu-
tion of calcium ions, phosphate groups, and hydroxyl groups 
in the structure of HAp is possible, so it has opened up a new 
area of various applications like bio-medical, dentistry, and 
purification systems [30]. For instance, copper substituted 
HAp for the uranium [31], Ag-doped HAp for the CR [32], 
HAp loaded with strontium for the soybean oil [33], and 
silicon doped HAp for copper [34] adsorption, and so on can 
be mentioned. Potassium has capability in the regulation of 
bio-chemical and apatite mineral nucleation processes [35, 
36] and K-substituted HAp could also show better function 
than the individual HAp or β-tricalcium phosphate [37].

In this work, sol–gel method is applied to prepare the nano-
structure of K-substituted HAp (KHA) that bearing the sim-
plicity, high purity of product, sufficiency to make nano-par-
ticles, and low crystallinity of product with efficient capacity 
of absorption. As mentioned, doping of potassium has been 
resulted in scientific bioactivity points of synthesized KHA 
(lowest concentration of 125 µg/mL makes highly preven-
tion of bacteria strains growth; see “Antibacterial study” sec-
tion). Moreover, this synthesized KHA shows the permanent 
capacities of CR dye adsorption at RT (maximum adsorp-
tion capacity (qm) = 505.2 mg/g; see “Assessment of perfor-
mance” section) in comparison with the other reported adsor-
bents without needing for changing of pH or temperature. 
The material was characterized by powder X-ray diffraction 
(XRD), Fourier transform infrared (FTIR) analysis, and also 
its particle size to be estimated by XRD and TEM. Moreover, 
thermogravimetric/differential thermal analysis (TGA/DTA) 
about synthesized KHA has been done. Finally, the adsorption 
capability of the KHA studied within aqueous solutions of CR 
dye at different temperature and adjusting pH values of treat-
ment solutions. The kinetics and equilibrium isotherms of CR 
adsorption together with antibacterial activity as highly pre-
vention of bacteria strains growth will be discussed in detail.

Experimental section

KHA sol–gel preparation and measurement 
of physical analysis

First of all, 24 h hydrolysis process about triethyl phosphate 
((C2H5O)3PO, TEP, Fluka) at R. T. was performed. Then, 

the 3M aqueous solution of Ca(NO3)2·4H2O (Merck) and 
3M  KNO3 (28 w/w% K) was added to 4M TEP (molar ration 
of Ca + K to P = 1.67) with the rate of 6 mL/min. Next, the 
respected solution for 60 min was strongly mixed up at 80 °C. 
Eventually, 48 h aging process at R. T. about obtained clear 
solution was done. After that, the drying process at 100 °C was 
done that resulted in a white dried powder and in following 
low temperature of calcination process at 300 °C with 2°C/min 
constant heat rate was executed. The prepared powder of KHA 
was characterized by the X-ray diffractometer (XRD, Philips, 
Cu Kα, Ni Kβ) with a speed of scanning of 1° 2θ/min from 
20 to 50° and IR spectrum (Buck 500, KBr) with the range 
of 500–4000 cm−1. TGA/DTA measurement was performed 
in air using the TGA2950 (TA instruments, USA). Sample 
weighing 8.01 ± 0.1 mg were heated in a platinum sample cell 
up to 950 °C at 10°C/min. Ca, K, P, O, and C elemental analy-
ses were measured using Energy-Dispersive X-ray Analysis 
(EDXA) (Philips PW 2400 X-Ray Fluorescence Spectrometer) 
and by quantitative analysis (QA). EDXA: W/W %: K 18.8%, 
Ca 27.5%, P 6.8%, C 5.8%. QA: W/W %: K 18.3%, Ca 26.9%, 
P 7.0%, C 5.5%.

Measurement of particle size

Scherrer and Williamson–Hall formulas [38, 39] were used for 
determination of particle size and micro-strain of KHA pow-
der. Moreover, distribution of particle size was distinguished 
by TEM (Leo 912 AB, Germany) method. Sample preparation 
of TEM: first, ultrasonic dispersion of the KHA powder was 
done in absolute ethanol and then deposited on a copper grid.

Adsorption process and kinetics data

The CR dye (Merck) was dissolved into deionized water 
that each test was performed by the fresh dilutions. Study-
ing the adsorption mechanism and determining the opti-
mum conditions of CR adsorption were performed using 
100 ml of CR with the prepared certain concentrations of 
KHA samples shaken at 300 rpm at R.T. The adsorbent 
dosage effect about 0.02–0.5 mg (natural pH, 180 min 
as contact time, room temperature) was examined. The 
0–180 min as contact time was applied (60 mg dosage of 
CR, natural pH, and room temperature). The pH effect 
about 6–12 units was studied. The 20–150 mg  L−1 as 
primitive concentrations of CR considered for drawing 
the charts of adsorption process. The adsorbed concen-
trations of CR were specified using a UV–Vis spectrum 
(UNICO 2800) as λmax = 485 nm. The capacity of equilib-
rium absorbance [qe (mg/g)] and quantity of adsorbed CR 
per unit of adsorbent mass at t time were measured using 
the below formulas:

(1)qe =
(

C0 − Ce

)

V∕m
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where C0, Ce, and Ct (mg/L) are primitive, equilibrium, 
and CR concentrations at t time, respectively. V (L) is the 
dye solution volume, and m (g) is the absorbent mass. The 
nano-particles of KHA remove total CR of the respected 
solution, which the color of adsorbed solution obviously 
reduced. The kinetic data of CR adsorption were evaluated 
by performance of the respected experiments.

Micro‑organisms

The antibacterial activity of the prepared material was exam-
ined against three Gram-positive bacteria, namely, Staphylo-
coccus aureus ATCC 25923, Enterococcus faecalis ATCC 
14506, Staphylococcus coagulase, and four bacteria of 
Gram-negative type contains Escherichia coli ATCC 25922, 
Klebsiella pneumonia ATCC13883, Proteus vulgaris ATCC 
33420, Pseudomonas aeruginosa ATCC27853. All the micro-
organisms were provided from Microbiology laboratory cul-
ture collection of Sabzevar Medical Science University.

Minimum Inhibitory Concentration Assay (MIC)

The MIC assay was carried out according to the previous 
studies [40]. Briefly, first, the 96 numbers of well plates 
(8 × 12 wells) were administered using 100 µl of the culture 
media (MHB), 100 µl of dispersing mixture of KHA in water 
used to charging the first well, in following 100 µl of every of 
the serial dilutions was delivered into sequential wells, and 
eventually every well loaded with 50 µl of the MHB and 50 µl 
of the bacteria inoculums which was described earlier. The 
terminal volume in every well was 200 µl with concentrations 
of 1000, 500, 250, 125, 62.5, 31.2, 15.6, and 7.8 µg/mL for 
the compounds and the positive controls (chloramphenicol 
and ampicillin). Each plate was only used for one microor-
ganism. Three well in the last line of the plate were used as 
growth controls by filling 50 µl of inoculums and 150 µl of 
MHB. In addition, three wells used as a negative control by 
filling 200 µl of MHB. The incubation process about covered 
plates was performed at 37.5 °C during 24 h. The turbid-
ity of each well was then observed and recorded. The MIC 
was assessed as the least concentration that inhibited visible 
growth. All tryouts were done in triplicate [40, 41].

Results and discussion

As an extension of our continued interest in the preparation 
of new nano-materials bearing some potential applications, 
herein, a new KHA was for the first time synthesized by the 

(2)qt =
(

C0 − Ct

)

V∕m

(3)Removal efficiency (%) = 100 ×
(

C0 − Ce

)

∕C0,

sol–gel method showing as the efficient adsorbent for CR as 
well as antibacterial behavior [42–44].

Characterization of KHA

XRD analysis

Based on Fig. 1a, the XRD pattern of KHA sample displays 
the intensive peaks of apatite (AP) structure and shows good 
identity with the ICDD standards (JCPDS). The AP indi-
ces [(002), (211), (301), (302), and (222)] and CaO indices 
[(200), (230), and (111)] confirm the hexagonal and cubic 
Bravais systems for them, respectively. Entirely, prepared 
KHA shows desired crystallinity. The governing of the pro-
cess of heat-treating and aging steps of sol–gel method helps 
to polymerization reaction progress between Ca, K, and P 
precursors that lead to decreasing of the possible impurities’ 
phases [42–44]. Actually, herein, hydrolysis of TEP used in 
this study as an advantage in comparison with the other ones 
[45, 46] makes the polymerization reactions more completed 
and reducing the impurity phases (Eq. 4):

Based on literature reports and related diffraction pat-
terns, it can be disclosed which potassium can be doped in 
the AP structure without permanent changes in the behav-
ior of AP phase in spite of small discrepancies of lattice 
parameters [47, 48]. The results of X-ray diffraction analysis 
of the calcined KHA powder show the diffraction patterns 
resemblance to HAp, although the molar ratio of Ca/P was 
less than the pure HAp stoichiometric one as 1.67 [37]. The 
substituted  K+ monovalent ion for  Ca2+ in the AP struc-
ture makes the misbalancing charge that can be neutralized 
by substitutions of anions like substitution of  PO4

3− by 
 CO3

2− or creating supplementary vacancies [49].

FTIR spectra

FTIR spectra can prospect the surface functional groups of 
KHA particles (Fig. 1b). In addition, the spectra of KHA 
sample calcined at 300 °C displays the bands at 475, 575, 
966, 1090–1220, and 3370 cm−1 attributted to stretching 
modes of phosphate and O–H functional groups, respec-
tively (see Fig. 1b). The appearance band of 1660 cm−1 (see 
Fig. 1b) related to stretching mode of C=O of  CO3

2− group 
indicates the incorporation of carbonate in AP structure 
improving the absorption character of KHA. The recorded IR 
spectrum shows resemblance with the similar articles [50].

(4)
OP(OEt)3−x(OH)x + Ca

2+ + K
+ + NO

3

−

→

(

NO
3

)−
(OH) − −Ca − −O − −K

− −PO(OEt)3−x + H
+ + C

2
H

5
OH + H

2
O.
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Nanostructural examination

Sol–gel technique makes gells with small particles bearing 
intense surface energy that with the low calcination tempera-
tures the highly agglomerated crystals having the remarkable 
porosity are prepared. Median particle size of KHA deter-
mined by TEM (direct method) and XRD (indirect method) 
in amount of 65–70 nm (see Fig. 1c) with good consistency. 
The Scherrer formula (Eq. 5) used for measuring the particle 
size [42–44, 51]:

where K equals to 0.9 a constant value, λ is the Cu Kα radia-
tion (0.1544 nm), W is the full-width at half-maximum, and 
θ is the angle of diffraction (deg).

(5)D = K� ∕ [WCos (�)],

It is known that the size of crystalline, micro-strain єs, and 
the instrument effect influences on peak width of the pattern 
[50]. Knowing Williamson–Hall (W–H) formula as precise 
one to deconvolution of size and instrumental effect has been 
used with the aid of Cauchy approximation (Eq. 6) (for more 
information, see the literature [39, 42, 43]):

Crystallite size (D) and єs can extracted from plot the 
respected W–H curve of (WCos θ) vs Sin θ for (002), (211), 
(302), (303), and (222) indices. The measured results are 
D = 72 nm and єs = 2.5E–4 (cf. Fig. 1d). The elemental 
specification of EDXA suggested the (Ca + K)/(P + C) molar 
ratio of 1.69 with  (Ca2.94K2.06)(PO4)0.94(CO3)2.06(OH)1 

(6)(WCos�) = (K�∕D) + 4c sSin�.

(a)

4000 3000 2000 1000 

Wave numbers 

(b) 

575 cm−1

966 cm−1

1090-1220 cm−1

1660 cm−1

3370 cm−1

CO3

O–H 

P–O 

T
ra

ns
m

itt
an

ce
 

20 

40 

100 

80 

60 

20
0

2  (deg)

20 30  40 50 60

21
1

20
0 00

2

11
1

30
2

30
1

31
0 20

3 22
2

23
0

33
1

2500

2000

1500

1000

In
te

ns
ity

 (c
ps

)

(a) 

 

(c) 

θ

(d) 

T
G

A
 (%

) 

D
T

A
 (m

g/
m

in
) 

Temp. (° C)

25.5 % 

2.5 % 
9.5 % 

15 % 

275 °C

325°C

(e) 

(f) 

Fig. 1  a X-ray diffraction patterns of KHA calcined at 300  °C, shown: (blue circle) HA (red triangle)  CaCO3, b FTIR of KHA calcined at 
300 °C, c TEM image of KHA sample, and d W–H plot drawn using Cauchy approximation, e EDXA and f TGA/DTA measurements
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formula that established the carbonated KHA preparation 
(see Fig. 1e).

Thermal analysis of KHA

The TGA/DTA analysis of synthesized KHA is depicted 
in Fig. 1f. The weight losses in four observed stages. The 
first one related to 2.5% weight loss recorded in the range 
of 30–60 °C because of OH group presence. The second 
and third regions attributed to a 9.5 and 15% weight loss 
that were observed at the range of 60–150 and 150–275 °C 
that is because of entrapped chemisorbed water; therefore, 
amorphous apatite phase changed to crystalline hexagonal 
phase. The last stage corresponded to 25.5% weight loss 
observed in the range of 275–600 °C, due to decomposi-
tion of impurities like carbonates. DTA shows endothermic 
peaks in the temperature regions of 252.6, 580.2, 618.3, and 
679.0 °C that the first one related to adsorbed surface water 
and the last three ones correspond to the below suggested 
reaction:

Moreover, there are two exothermic peaks at 275 and 
325 °C are attributed to crystallization process of amorphous 
to crystallize apatite phases.

Influenced factors about adsorption of CR on KHA

Adsorbent dosage affected on the removal efficiency

The effect of 0.02–0.5 g dose range of KHA on the CR elimi-
nation was evaluated for 100 ml solution of CR at 298 K and 
natural pH. As drawn in Fig. 2a, enhancement of adsorbent 
dosage rapidly increases the dye percentage removal because 
of the increase of the amount of adsorption sites of KHA. 
0.2 g of dosage made the highest CR equilibrium adsorption 
(98.43%). However, after the equilibrium, the increase of the 
adsorbent dosage does not increase the removal efficiency of 
CR. It can be concluded that the saturation of the superlative 
sites of adsorption, using higher amount of adsorbent causes 
to some of sites to be wasted. In accordance with obtained 
results (see Fig. 2a), 0.1 g can be introduced as the optimal 
adsorbent dosage of CR for the next examinations.

Influence of primitive pH on the removal efficiency

The effect of primitive pH of a series of sample solution 
on the removal efficiency was tested at 100 mg  L−1 initial 
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Fig. 2  a Effect of dosage, b pH, c initial dye concentrations on 
removal efficiency and CR dye adsorption onto sol–gel-derived KHA 
(V = 100  mL, t = 140  min, initial pH 10, adsorbent dose 2  g/L, and 
temperature 298 K)
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concentration of 100 ml solution of CR in the pH range 
of 6–12 (see Fig. 2b). The pH values less than 6 turn CR 
molecule to acidic form having the blue color solution 
(pKa = 3–5). Moreover, the structure of KHA is not sta-
ble in solution with pH < 6. The higher quantity removal 
of CR (98.72%) was established at pH = 10. Therefore, 
pH = 10 proposed as the optimal pH for the next experi-
ments. The determined point of zero charge (pHpzc) value 
of KHA sample was 11.5. The CR anionic character and the 
amphoteric character of AP surface depend on pH and con-
trol the dye adsorption process. Therefore, stored positive 
charge over surface of absorbent maybe provides conveni-
ent conditions for better CR elimination. As a result, with 
a gradual increase of solution pH, the groups of hydroxyl 
and phosphate of KHA surface deprotonated and make the 
electrostatic interactions between opposite charges power-
less. However, lesser solution pH contents than pHpzc makes 
positive charge of absorbent surface [52] that provides more 
intense attraction of the positive absorbent and the nega-
tive CR along with the promotion of CR adsorption (see 
Fig. 2b). Analogous results about adsorption of CR onto 
further adsorbents have been observed [53, 54].

Influence of contact time and concentration of primitive 
dye

Figure 2c depicts the results of contact time effect and dif-
ferent primitive dye concentrations (i.e., 20, 30, 50, and 
100 ppm, 100 mL) on the absorption of CR dye by 2 g/L 
KHA nano-particles at pH = 10. Enhancing the primitive 
concentration of CR is, growing of the capacity of adsorp-
tion is, increasing the amount of dye removal efficiency is, 
and vice versa that augments the primitive adsorbed con-
centration of CR from 15 to 55 mg/g. Quick growing of 
adsorption happens during the first 5–30 min and in follow-
ing slowly goes forward to achieve equilibrium about 37 min 
for all of the examined samples and for various concentra-
tions of dye. The first rapid adsorption is due to the avail-
ability of the adsorbent positive sites, resulting to attraction 
of the negative charged of CR dye. It can be concluded that 
37 min is enough to achieved equilibrium which this time 
will apply about the next adsorption experiments.

Kinetics data

Kinetic study of dye adsorption rate investigates about 
the influence of contact time onto adsorption capacity of 
the adsorbent. Herein, the adsorption process of 100 ppm 
concentration of CR within the synthesized KHA in pH 10 
was performed to optimize the wastewater treatment (the 
results depicted in Fig. 3a). As expected and mentioned, 
superior enhancing the contact time augments the removal 
efficiency because of preparing the higher useful time for CR 

dye absorption. Achieving the equilibrium took 37 min (see 
Fig. 2c). The mechanism and kinetics of CR adsorption over 
the new synthesized sol–gel-derived KHA tested about the 
some known kinetic models as below: The obtained kinetic 
parameters are depicted in Fig. 3b–f and Table 1.

(1) Pseudo–first-order formula: 

(2) Pseudo-second-order formula: 

(3) Elovich formula: 

(4) Bangham formula: 

(5) Intra-particle diffusion formula: 

where qe and qt (mg  g−1) are the value of adsorbed CR onto 
the adsorbent surface at equilibrium and t times (min), 
respectively. k1 and k2 (mg min  g−1) are the rate constants 
of Eqs.  (9) and (10). α (mmol  g−1  min−1) as the rate of 
primitive adsorption and β (g  mmol− 1) as the constant of 
desorption are defined. M and kb are the Bangham model 
constant. kdif (mg  g−1  min−0.5) is the rate constant of intra-
particle diffusion. The calculated values of the mentioned 
rate constants, respective linear fitted plots, and their cor-
relation coefficients are demonstrated in Fig. 3 and are listed 
in Table 1.

The obtained results confirm the desirability of pseudo-
first-order kinetic equation within rate of adsorption of CR 
dye (R2 = 0.9867). According to the linear fitting plotted of 
CR adsorption, process of intra-particle may be an alterna-
tive rate determining step of CR elimination by KHA (see 
Fig. 3f). Therefore, this diffusion model should offer useful 
information about the diffusion mechanism. However, the 
plot depicted in Fig. 2c shows that reaction of dye adsorption 
advanced according to these below steps (1) 37 min as first 
part of dye adsorption on exterior adsorbent layer; (2) during 
55 min, next gradual adsorption proceeds via intra-particle 
diffusion; and (3) and the last step is equilibrium adsorption. 
Alike results for CR adsorption onto another adsorbents are 
reported by others [53–56].

Adsorption charts

The adsorption procedure continues to achieve the dynamic 
equilibrium of the adsorbed molecules of adsorbate and the 
residual one in the solution. The adsorption charts make 
clear the correlation of these two values and explaining the 

(8)log
(

qe − qt
)

= logqe − k1t.

(9)t∕qt =
(

1 ∕k2qe
2
)

+ t∕qe.

(10)qt = (1 ∕�) ln (��) + (1 ∕�) lnt.

(11)lnqt = lnkb + (1 ∕M) lnt.

(12)qt = kdift
0.5 + C,
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interactions between adsorbate and surface of adsorbent 
gives important physicochemical data within the proce-
dure of adsorption. There are numerous for adsorption that 

explains the experimental data. In this study, the isotherm 
models of Henry, Langmuir, Freundlich, and Temkin were 
applied at 298, 308, and 318 K as below:
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Fig. 3  a Effect of contact time on the removal efficiency, b pseudo-first-order kinetics, c pseudo-second-order kinetics, d Elovich kinetics, e 
Bangham kinetics, and f intra-particle diffusion kinetics for CR onto CaHA  (C0 = 100 mg  L−1, V = 100 mL, t = 0–140 min, temperature at 298 K)



702 Journal of the Iranian Chemical Society (2019) 16:695–705

1 3

(1) Henry equation: 

(2) Langmuir equation: 

(3) Freundlich equation: 

(4) Temkin equation: 

 where qm and qe (mg/g) are the superlative monolayer and 
equilibrium capacities, respectively. Intensity and capacity 
of adsorption could be described by KH and KF constants. 
Ce (mg/L) is the aqueous CR equilibrium concentration, 
b is the coefficient of Langmuir equilibrium (L/mg), the 
empirical parameter of constant n shows the adsorption 
process favorability, and heat and interaction energy of 
adsorption procedure analyzed by equilibrium constants 
of AT and bT, respectively. These used isotherm models 
illustrated in Fig. 4 and the exported slope and intercept 
data are listed in Table 2. The simplest linear adsorption 
isotherm resembles Hendry’s law that the amount of the 
surface of adsorbate is represented to be proportional to 
the Ce of adsorbent. The Langmuir and Freundlich iso-
therms suppose that the adsorbate occupies the adsorbent 
homogeneous and heterogeneous sites, respectively [57]. 
Temkin isotherm describes the adsorbent–adsorbate inter-
actions based on the heat of adsorption procedure (func-
tion of temperature) that linearly decrease [58].

Regarding the correlation coefficient, Langmuir model 
well explains the experimental data of CR equilibrium 
adsorption (R2 = 0.9939 at 298 K; R2 = 0.9962 at 308 K; 
R2 = 0.9936 at 318 K). Based on these obtained results, 
increase of temperature causes the decreasing of superla-
tive CR adsorption capacity of KHA. The most adsorption 

(13)qe = KHCe.

(14)1∕qe =
(

1 ∕
(

b qmCe

))

+ 1∕qm.

(15)lnqe = lnKF + (1 ∕n) lnCe.

(16)qe =
(

RT∕bT
) (

lnCe + lnAT

)

,

capacity of synthesized KHA was measured 505.19 mg/g 
at 298 K. Hall et al. [59] using a dimensionless constant RL 
(Hall separation factor) show the desirability of an adsorp-
tion procedure based on the Langmuir model:

where C0 is the most primitive dye concentration in the solu-
tion (mg/L). The values of RL confirm that charts are irre-
versible (RL = 0), undesirable (RL > 1), favorable (0 < RL 
< 1), or linear (RL = 1). In this work, the obtained data 
(for C0 = 100 mg/L) in the range of 0 < RL < 1 are 0.1927, 
0.2421, and 0.2370 at 298, 308, and 318 K, respectively 
(see Table 2). Therefore, the adsorption of CR over KHA is 
desirable. However, 0 < 1/n < 0.5 expresses that CR adsorbs 
easygoing on the synthesized KHA. In addition, the cor-
relation coefficient (R2) of Temkin equation was more than 
two alternatives ones (Henry and Freundlich) as higher than 
0.8882 at the applied three temperatures meaning adsorption 
process remarkable influenced by heat.

Assessment of performance

The highest capacities of CR dye adsorption over the new 
synthesized KHA material and for other known adsorbents 
using Langmuir isotherm are depicted in Table 3. In accord-
ance with the gained data of qm, it may be concluded that this 
new introduced KHA is an adsorbent with high capability 
within the aqueous CR obliteration, being as powerful indus-
trial absorbent compared with the current ones (see Table 3 
and refs. inside). In addition, adsorption of CR by KHA is a 
quick process achieved instantly to equilibrium condition for 
30 ppm and about 2 min for 50 ppm and 4 min for 80 ppm, 
and indicates that KHA has high potential for purification of 
environmental wastewater. The interesting issue of this new 
absorbent is its impressive capacity of adsorption at ambient 
temperature, although improvement of many of the other 
reported compounds needs to pH or temperatures changing.

Antibacterial study

According to the results of MIC assay, which are shown in 
Table 4, KHA exhibited excellent antibacterial activity. The 
compound prevented the growth of all bacteria strains. How-
ever, its activity was less than the positive control of chloram-
phenicol. KHA inhibited the growth of S. aureus, S. coagulase, 
E. coli, and K. pneumonia with the lowest concentration of 
125 µg/mL. The ability of the compound in this assay may 
be due to the presences of functional groups of phosphate, 
hydroxyl, and carbonate groups and also the particle size of the 
KHA, which have been previously reported as the functional 
group and factors for antibacterial activity of nano-materials 
[65–70]. Many research groups have investigated the antimi-
crobial mechanisms of metallic compounds. The physical and 

(17)RL = 1 ∕
(

1 + bC0

)

,

Table 1  Constants and correlation coefficients for adsorption kinetic 
models of CR dye

Kinetic model Parameters 100 ppm CR R2

Pseudo-first order k1 (mg min  g−1) 0.0163 0.9867
qe (mg  g−1) 87.832

Pseudo-second order k2 (mg min  g−1) 0.0013 0.8947
qe (mg  g−1) 63.930

Elovich α (mmol  g−1min−1) 1197.3 0.9000
β (g  mmol−1) 0.214

Bangham M 10.70 0.9325
kb (mg  g−1) 30.25

Interparticle diffusion kdif (mg  g−1  min1/2) 1.595 0.9545
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chemical properties of both the metal atoms and the acces-
sible donor ligands influenced biomolecules. Metal species 
have predictable behavior and participate in spatially localized 
or discrete reactions that abolish enzyme activities, disrupt 
membrane function, or damage DNA [71, 72]. Sun et al. have 
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Fig. 4  a Henry, b Langmuir, c Freundlich, and d Temkin adsorption isotherms fit of CR onto CaHA  (C0 = 20–100 mg  L−1, V = 100 mL, contact 
time for 30 min, pH at 10, temperature at 298 K, 308 K, and 318 K)

Table 2  Adsorption isotherm constants and correlation coefficients 
for adsorption of CR on sol–gel-derived KHA at 298 K, 308 K, and 
318 K (initial pH 6, adsorbent dose 2 g/L, and contact time 30 min)

Adsorption Isotherm Parameters Temperature (K)

298 308 318

Henry KH 0.1437 0.1851 0.2347
R2 0.5680 0.5832 0.6420

Langmuir b 0.0419 0.0313 0.0322
qm 505.19 437.67 348.50
R2 0.9939 0.9962 0.9936

Friendlich KF 192.94 215.01 223.07
1/n 0.1137 0.0889 0.1206
R2 0.7202 0.6252 0.7930

Temkin bT 194.11 169.98 130.76
AT 3847 8108 2883
R2 0.8910 0.8882 0.9184

Table 3  Comparison of maximum adsorption capacity (qm) of CR by 
various adsorbents determined using Langmuir adsorption isotherm 
model

Adsorbent qm (mg/g) CR con-
centration 
(mg/L)

Reference

Calcined KHA 505.19 20–100 This work
Ag (0.5): CaHAp 458.08 50–300 [30]
Ca bentonite 107.41 50–200 [60]
Ni0.6Fe2.4O4 72.73 5–60 [61]
CS-M-GMCNTS 262.9 10–60 [62]
CoFe1.93Gd0.07O4 263.16 25–120 [63]
Hollow Zn–Fe2O4 nanospheres 16.1 1–50 [17]
Starch–AlOOH–FeS2 333.33 50–500 [64]
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proposed that slow release metal ion sterilization and photo-
catalytic sterilization are the principal reasons for antibacterial 
mechanism of KHA material [73].

Conclusions

In the present work, an ordinary sol–gel method was used to 
synthesize the nano-particles of new potassium-substituted 
HA, and then, its structure characterized and particle size 
measured using XRD, FTIR, EDXA, TGA/DTA, and TEM 
analyses. The revised Scherrer’s formula and TEM technique 
determined the average particle size as 65–70 nm. The KHA 
well accomplished for adsorption of CR as a very rapid pro-
cedure that reached to steady state less than 2 min. The KHA 
adsorbent within CR works better at lesser temperatures. 
The KHA optimal CR adsorption at 298 K was measured in 
amount of 505.19 mg/g, well matched by Langmuir equation 
with R2 > 0.9939. In the base of kinetic results, the data well 
matched with pseudo-first-order formula. The most impor-
tant results obtaining in this paper, one can find that herein, 
sol–gel-obtained KHA may be used as inexpensive and bio-
compatible effectual adsorbent for CR elimination from envi-
ronment. MIC assay results demonstrate the excellent anti-
bacterial activity of KHA. It shows the growth inhibition of 
S. aureus, S. coagulase, E. coli, and K. pneumonia bacteria 
around the lowest concentration of 125 µg/mL.
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