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Abstract
Calcium hydroxyapatite (Ca-HAp) was synthesized from calcium carbonate  (CaCO3) extracted from a paper mill sludge. The 
extraction of  CaCO3 was carried out by chemical precipitation process and synthesized to HAp nanoparticle under appro-
priate stoichiometric condition through wet chemical precipitation process. The size of the HAp nanoparticle was 42.5 nm 
under an optimized aging period of 24 h. This work aims in the batch adsorption of arsenic, an anionic metal arsenic in the 
form of Arsenite: As(III) on the synthesized Ca-HAp in laboratory scale. Batch kinetics studies were conducted for varying 
operational parameters such as temperature, initial adsorbate concentration, dye solution pH and rotation speed (RPM). In 
comparison with the two suggested isotherm models, Langmuir isotherm was suited to this adsorption process with a cor-
relation coefficient of 0.92 and isotherm constant as 1.18 (KL). Chemisorption was found to be the rate-limiting mechanism 
for the sorption of arsenite onto Ca-HAp and thus followed pseudo-second-order kinetics. A maximum monolayer adsorption 
of 0.43 mg/g of arsenic was obtained at an equilibrium time of 60 min with 93% to 94.2% removal efficiency.
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Introduction

The persistent arsenic contamination in natural water bodies 
and ground water streams is one of the major threat and chal-
lenge faced by the human community throughout the world. 
Most of the Gangetic and Brahmaputra basins flowing along 
the northeastern parts of the country had been reported with 
higher arsenic contamination, thereby exceeding the per-
missible drinking water limits (50 µg/L). Arsenic occurs in 
soils and water due to natural activities like weathering of 
rocks, volcanic eruption and due to anthropogenic activities. 
Natural existence of arsenic occurs in four oxidation states as 
 As3−, As,  As3+ and  As5+. Among them, inorganic Arsenate: 
As(V) and Arsenite: As(III) are the most abundant forms 
present in natural waters. Highly toxic forms of As(III) are 
more prevalent under reduced and water-logged conditions 
than As(V). Epidemiological studies had demonstrated 

retard mental development, cancer and other organ failures 
due to the presence of arsenic in drinking water for a pro-
longed period.

Earlier research investigations have resulted in the 
effective removal of arsenic using HAp from contaminated 
drinking water sources (Mahsa et al. 2014 and Nakahira 
et al. 2006). Various treatment processes and technologies 
such as coagulation and ion-exchange process (Hesami 
et al. 2013; Wickramasinghe et al. 2004), adsorption on 
activated alumina and oxides/hydroxides of iron, calcium 
and phosphate (George et al. 2018; Lescano et al. 2015 
and Cakmakci et al. 2009) are adopted for the elimina-
tion of arsenic from water. Some studies have been done 
using HAp bovine powder and HAp modified with  SiO2 as 
adsorbent in removing arsenic from geothermal hot water 
(Nakahira et al. 2006). Biological treatment process and 
membrane filtration have also shown good results in arse-
nic removal (Harfoush et al 2018 and Katsoyiannis et al. 
2004). Despite the existence of various arsenic treatments, 
adsorption is preferred as the most appropriate technique 
due to its cost-effective and operation difficulties. The 
ion exchange property of calcium hydroxyapatite in sub-
stituting arsenic ions for phosphate and calcium groups 
has attracted the researchers to use it as an adsorbent for 
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arsenic removal (Wang et al. 2021; Hokkanen et al. 2019; 
Liu et al. 2017; Yoon et al. 2017; Dungkaew et al. 2012).

Due to its biocompatible, bioactive and osteo-conduc-
tive nature, Ca-HAp is extensively used in biomedical 
field (Sharanabasava et al. 2016). Some researchers have 
reported that hydroxyapatite acts as an efficient adsorbent 
because of its structural stability and long-term contain-
ment of contaminants. The P–OH functional group present 
in the Ca-HAp acts as the active sorption sites (Mobash-
erpour et al. 2012) and hence been utilized as a stabi-
lizing agent in various heavy metal removals such as Cr, 
Co, Cu, Ni, As, and Zn. The previous studies have used 
chemically, hydrothermally and biologically synthesized 
HAp from natural resources and ceramics. The synthesis 
of HAp from unused waste resource like paper mill sludge 
is not presently explored. In the present work, calcium 
hydroxyapatite obtained from paper sludge was chosen as 
a sorbent to remove the anionic heavy metal arsenic As 
(III)). Studies have also been focused in the adsorption 
process and mechanism due to the influence of kinetic 
operational parameters.

Material and methods

Materials and methodology

The synthesis of hydroxyapatite was carried using paper 
mill sludge. The collected sludge was air dried and used 
for further experimental investigations. Analytical grade 
chemicals and distilled water were used in preparing 
solutions throughout the experimental study investiga-
tions. The oven-dried paper sludge is converted into ash 
pyrolyzed at 800 °C. The calcium carbonate is extracted 
from the paper sludge ash by chemical precipitation 
method (Bloomquist and Betz 2001). Arsenic standard 
solutions were prepared by dissolving arsenic trioxide in 
distilled water in appropriate volume ratio for the required 
concentrations.

Preparation of hydroxyapatite

The HAp was synthesized by adding certain amount of 
orthophosphoric acid to Ca(OH)2 powder (Dan Nicolae 
Ungureanu et al. 2011). Intense stirring with dropwise addi-
tion of orthophosphoric acid over the alkaline solution of 
Ca(OH)2 was carried over to obtain hydroxyapatite in slurry 
form. The pH and temperature during the synthesizing pro-
cess were maintained at 8.5 and 40–45 °C, respectively. Due 
to continuously stirring, the solution turns into milky white, 
and then, it is kept for an aging of 24 h.

Batch sorption studies

The kinetic adsorption studies of hydroxyapatite were con-
ducted under varying parameter conditions like pH, arsen-
ite concentration, temperature and mixing speed. In batch 
mode, adsorption studies were performed at varying pH 
(4.0,7.0 and 9.0), agitation speed (100 rpm,120 rpm and 
140 rpm), initial arsenic concentration (0.1–0.5 mg/L), tem-
perature (20–50 °C) at a constant dosage of 0.5 g. Duplicate 
trials were conducted for each experimental run for accu-
racy. The arsenic concentration was determined using arse-
nic test kit.

Results and discussion

Batch adsorption studies

Equilibrium time

The sorption of As(III) on the HAp adsorbent was stud-
ied under varying initial arsenic concentration. The initial 
arsenic concentration considered under this study was var-
ied from 0.1 to 0.5 mg/L. The pH was maintained at neu-
tral (i.e.,7.0) for temperature 30 °C at a rotating speed of 
120 rpm. The arsenic removal was studied at frequent inter-
vals of time period such as 30 min to 90 min and reached 
an equilibrium at 60 min (Fig. 1). The further studies were 
conducted at this equilibrium time, because no further 
prominent change in adsorption was identified beyond the 
equilibrium time.

Effect of pH

The affinity of arsenic adsorption toward the binding sites 
of Ca- Hap is highly influenced by the solution pH. The 
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Fig. 1  Equilibrium time at varying initial arsenic concentration at a 
constant pH -7.0, temp 30 °C at 120 rpm
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behavior of As(III) on HAp at different pH such as 4, 7 and 9 
is shown in Fig. 2. It was observed that arsenic uptake by the 
adsorbent increased with higher pH. The highest adsorbent 
capacity (0.0582 mg/g) of As(III) ions was found at pH 9 
with 94.2% removal efficiency.

The influence of pH under strongly acidic pH causes 
dissolution of sorbent which leads to low adsorption pro-
cess. The As (III) is stable at acidic pH, thereby causing 
weak force of attraction between sorbent and sorbate sites. 
The positively charged adsorption sites of HAp enabled the 
removal of anionic arsenic metal sites at higher pH 9.0 due 
to increase in intermolecular attraction of the heavy metal 
ions to get trapped in the calcium and phosphate ion sites 
(Liu et al. 2010).

Effect of Initial sorbate concentration

Effect of initial As (III) concentration was investigated at 
initial concentrations between 0.1 and 0.5 mg/L at the equi-
librium time of 60 min and is shown in Fig. 3. The driving 
force was greater at higher arsenite concentration leading to 
the transfer of arsenite ions from aqueous bulk solution to 
the Ca-HAp surface (Iqbal et al. 2019). A maximum removal 
efficiency was observed between 93 and 94.2% of arsenite 
was obtained for concentrations between 0.1 and 0.5 mg/L, 
respectively, and is represented in Fig. 4.

Isothermal studies

The analysis of experimental data to fit the appropriate iso-
therm models is an important phenomenon to understand 
an adsorption system. In this work, Langmuir and Freun-
dlich isotherm models were adopted to study the adsorption 
behavior of arsenic onto Ca-HAp,

Langmuir model In the Langmuir isotherm model, the con-
tainment of arsenic onto the adsorption site is due to the 
uniform monolayer surface contact with no reincarnation of 

As (III) in the plane surface. The Langmuir isotherm is rep-
resented as indicated in Eq. 1.

where Ce = equilibrium concentration in the solution, mg/L, 
qe = amount adsorbed on the adsorbent at equilibrium, mg/g, 
qo = maximum adsorption capacity, mg/g, KL = Langmuir 
adsorption constant, L/mg related to the affinity of the bind-
ing sites. A maximum adsorption capacity of 0.43 mg/g for 
a constant of 1.18 was calculated from the isothermal plots 
of Fig. 5. The value of KL > 1 implies a greater affinity of the 
arsenite is toward the adsorbent revealing extremely good 
applicability in this adsorptions process.

Freundlich model The heterogeneous surface adsorption on 
multilayer is represented by the Freundlich isotherm model. 
The Freundlich Isotherm is represented by empirical for-
mula as in Eq. 2

where Ce = Equilibrium concentration in the solution, mg/L, 
qe = Amount adsorbed on the adsorbent at equilibrium, 
mg/g, Kf = Adsorption capacity, mg/g and n = Adsorption 
intensity parameter. The calculated Freundlich constants 1/n 
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Fig. 2  Effect of pH on arsenic removal at initial concentration of 
0.3 mg/L at 120 rpm and temperature 30 °C
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and Kf from Fig. 6 were 0.32 and 0.08 mg/g, respectively, 
with a correlation coefficient of 0.86. The 1/n values found 
between 0.1 < 1/n < 1 showed good adsorption ability of 
HAp. The behavior of adsorption followed both the models 
with satisfactory constant values. The Langmuir isotherm 
yielded better fit witKL > 1 and R2 as 0.92 compared with 
lesser R2 value of 0.86. Therefore, the adsorption of arsenite 
ions under considerations was linear and best fitted in Lang-
muir isotherm plot.

Pseudo‑first‑order reaction kinetics Pseudo-first-order 
equation is given as in Eq. 3.

where qt = Amount of As(III) ions removed at time 
t, mg, qe = adsorption capacity at equilibrium, mg/g, 
k1 = pseudo-first-order rate constant, 1/min, and t = con-
tact time, min. Using the qe and constant k1 values 
obtained from Fig. 7 were 0.020 mg/g and 0.037  min−1, 
respectively.

Pseudo‑second‑order reaction kinetics Chemisorption is 
the rate limiting step of a pseudo-second-order kinetics the 
linear form of this model is expressed as in Eq. 4.

(3)log
(

qe − qt
)

= log qe −
k1

2.303
⋅ t

where qe = Adsorption capacity at equilibrium, mg/g, 
k2 = pseudo-second-order rate constant, (g/mg/min). The 
calculated values of qe and k2 are 0.06  mg/g and 6.47  
(g/mg/min) are determined from Fig. 8, using Eq. 4.

The estimated correlation coefficient estimated from 
pseudo-first-order kinetics was 0.95, and the kinetic data 
were insufficient to determine the calculated qe and the 
experiment qe values. The resistance caused by the bound-
ary layer due to the time lagging during start of the sorption 
process (Vijayaraghavan et al. 2007)  shows the change in  
qe determination. The higher R2 value (0.99) and adsorption 
capacity (0.06 mg/g) derived from pseudo-second-order plot 
confirmed the adsorption mechanism of arsenite onto nano-
synthesized Ca-HAp is controlled by chemisorption process 
(Yao et al. 2014).

Conclusion

The Ca-HAp synthesized from paper sludge showed effec-
tive arsenic removal efficiency of about 94.2% at an equi-
librium time of 60 min under an alkaline pH (9.0). For an 
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Fig. 5  Langmuir isotherm of HAp on arsenic of 0.3 mg/L at 120 rpm 
and temperature 30 °C and pH of 7
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increase in initial arsenic metal concentration from 0.1 to 
0.5 mg/L, an increase in adsorption capacity by 0.02 mg/g is 
observed. The Langmuir isothermal plots showed best-fitted 
plots with higher R2 value of 0.92 and isotherm constant (KL) 
as 1.18, respectively. The determined monolayer adsorption 
capacity of arsenic onto CA-HAp was 0.43 mg/g. Pseudo-
second-order kinetics with correlation coefficient (0.99) con-
firmed chemisorption between the adsorbent and adsorbate 
with higher molecular interaction due to the nanoparticle 
size of HAp. Therefore, calcium phosphate hydroxyapatite 
synthesized from paper mill sludge showed potential adsorp-
tion capability in the removal of synthetic As (III) ions in 
aqueous solution.
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