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A B S T R AC T

Arsenic contamination in water is a worldwide problem and poses a signifi cant challenge for 
the environmental engineers. Magnetite nanoparticles are a highly promising adsorbent for the 
effective removal of arsenic from drinking water. In the present study, an arsenic adsorption 
kinetic study was carried out on magnetite nanoparticles at pH 8.0 (a typical pH for ground-
water), followed by sequential desorption with arsenic-free background solution. The results 
illustrate that arsenic adsorption on magnetite nanoparticles is nonlinear and time-dependent. 
The adsorption kinetics of both As(V) and As(III) are biphasic, where the arsenic adsorption is 
rapid initially and is followed by a slower adsorption with increasing reaction time. Desorption 
of both As(V) and As(III) exhibited clear hysteresis, a considerable amount of arsenic is resis-
tant to desorption. Freundlich model, diffusion layer model (DLM), biphasic fi rst-order kinetic 
model were used to fi t the arsenic adsorption on magnetite nanoparticles and multi-reaction 
model (MRM) was used to describe the adsorption and desorption of arsenic on magnetite 
nanoparticles. Surprisingly, both of the observed arsenic adsorption and desorption kinetics 
can be fi tted with MRM model very well, indicating that MRM model is potentially useful in 
modeling fate of arsenic in water treatment with magnetite nanoparticles.This work is impor-
tant in offering insight into the adsorption mechanism of arsenic from magnetite nanoparticles 
and predicting the fate of arsenic in magnetite nanoparticle-based water treatment.

Keywords:  Arsenic; Biphasic adsorption; Resistant desorption; Multi-reaction model; Magnetite 
nanoparticles; oxidation

1. Introduction

Arsenic contamination in water has become a world-
wide problem due to its signifi cant threat to human 
health. It is reported that over 137 million people in more 
than 70 countries are affected by arsenic poisoning of 
drinking water [1]. Arsenic removal via adsorption is one 
of the most common methods used in water treatment. 

Recently, arsenic removal using nano-scale iron oxides 
has received considerable attention [2–5]. It has been 
found that magnetite nanoparticles are a highly promis-
ing adsorbent for arsenic removal from drinking water 
[3,6–8]. Besides having high affi nities for both As(III) and 
As(V), magnetite nanoparticles can be easily separated 
after treatment using low-fi eld magnets or by simple 
fi ltration. Thus far, adsorption and desorption of arse-
nic on magnetite nanoparticles have not been studied 
systematically, and a thorough understanding of these 
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processes is critical for the development of magnetite 
nanoparticle-based arsenic removal in water treatment.

Adsorption kinetics is one of the most important fac-
tors affecting the practical use of arsenic removal with 
magnetite nanoparticles, in that it can greatly affect the 
removal effi ciency. It has been reported that adsorption 
of arsenic to iron oxides is a two-step process, consist-
ing an initial rapid phase followed by a much slower 
phase [9–15]. The proposed mechanisms accounting for 
the slow adsorption phase include interparticle/intra-
particle diffusion, surface precipitation, heterogeneity 
of adsorption sites, and formation of a solid-solution on 
the surface [12,16,17]. Fuller et al. [9] observed a period 
of rapid (<5 min) arsenate adsorption to ferrihydrite 
followed by continued adsorption for at least 8 d. They 
attributed the rate-limiting arsenate adsorption step to 
slow diffusion to adsorption sites within aggregates of 
ferrihydrite. Similar mechanism was also proposed by 
Raven et al. [10] and Luengo et al. [18] to explain the 
slow arsenic adsorption to ferrihydrite and goethite. 
Zhang and Stanforth [14] argued that the slow stage of 
As(V) adsorption to goethite is most likely due to the 
heterogeneity of the surface site bonding energy rather 
than the diffusion processes. Thus far, very little infor-
mation is available on the adsorption kinetics of arsenic 
to magnetite nanoparticles.

Understanding of the desorption process of arsenic 
from magnetite nanoparticles is not only important for 
the regeneration of spent magnetitie nanoparticles, but 
also critical to the assessment of the safety of this tech-
nology. For example, if the extent of desorption of arse-
nic from magnetitie nanoparticles is very low, there can 
be little concern on the re-release of arsenic from mag-
netite nanoparticle after its adsorption. Several studies 
have been conducted to characterize the desorption of 
arsenic from iron oxides or soils [19–22]. Lin and Puls 
[19] reported hysteretic desorption of As(III) and As(V) 
from clay minerals, and proposed that during the aging 
process arsenic can diffuse into the internal pores of the 
clay aggregates or the dehydration of adsorbed arse-
nic, which can lead to enhanced bonding of arsenic to 
clays. Genç-Fuhrman et al. [23] found that desorption of 
As(V) from activated red mud was very low (only ≈40% 
desorbed) when pH was raised to 11.6, due to chemisorp-
tion. Yean et al. [6] observed the desorption of arsenite 
and arsenate on magnetite nanoparticles was hysteretic, 
and presumed that the binding of the adsorbed arsenic 
resulted in the formation of highly stable iron-arsenic 
complexes uniformly over the surface.

In the present study, we evaluated the time-dependent 
adsorption and desorption of arsenic on magnetite 
nanoparticles. The adsorption and desorption data 
were compared with the predictions of several common 
adsorption/desorption models. Mechanisms controlling 

arsenic adsorption/desorption to magnetite nanopar-
ticles are also discussed.

2. Materials and methods

2.1. Materials

As(III) oxide (As2O3) and As(V) oxide hydrate 
(As2O5·3H2O) were purchased from Sigma Aldrich (St. 
Louis, MO, USA). Stock solutions of As(III) and As(V) 
were prepared by dissolving a certain amount of As2O3 
or As2O5·3H2O in 0.1 mol l−1 NaOH. Aqueous solutions 
were prepared in an electrolyte solution containing 0.01 
mol l−1 NaNO3 and 0.005 mol l−1 Tris buffer at pH 8.0, and 
pH was adjusted with 6 mol l−1 HNO3 or 1 mol l−1 NaOH.

Magnetite nanoparticles were obtained from Reade 
Advanced Materials (Reno, NV, USA). The BET surface 
area (60 m2 g−1), nominal particle size (19.3 nm), and 
point of zero charge (pHpzc) (6.8) have been reported in 
a previous paper [6].

2.2. Adsorption isotherms

Adsorption isotherms were obtained using a batch 
adsorption approach. First, 6 mg of magnetite nanopar-
ticles was added to a series of 60 ml polypropylene vials. 
The vials were fi lled with an aqueous solution of As(III) 
or As(V), and were equilibrated end-over-end (4 rpm) for 
15 h. Afterwards, the vials were centrifuged at 4000 rpm 
for 30 min, and the pH of the supernatant was measured. 
A portion of the supernatant was withdrawn and fi ltered 
though a 0.45 μm membrane fi lter (Millipore, Billerica, 
MA, USA) with a disposable syringe. Iron in the fi ltrate 
was checked for selected samples to verify that the fi lter 
could suffi ciently retain the magnetite nanopartiles, and 
Fe was not detected in any samples. The fi ltered samples 
were then acidifi ed with 1% nitric acid (V/V) for sample 
preservation prior to arsenic analysis. The amount of 
adsorbed As(III)/As(V) was calculated from the mea-
sured solution-phase concentration based on mass bal-
ance. Additional time-dependent adsorption isotherms 
of As(III) (at 24, 48, 72 and 120 h) were obtained using the 
same procedures mentioned above.

2.3. Desorption isotherms

Selected vials from the 15 h As(III) and As(V) adsorp-
tion experiments were used in desorption experiments. 
Repetitive desorption data was obtained by successively 
replacing about 90% of the supernatant with arsenic-free 
aqueous solution. The equilibration time for each repeti-
tive desorption step was 24 h, and were equilibrated 
end-over-end (4 rpm). At the end of each desorption 
step, the vial was centrifuged at 4000 rpm for 30 min, 
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 and the supernatant was withdrawn. A portion of the 
supernatant was taken to analyze the aqueous arsenic 
concentration, and the arsenic-free solution was added 
to initiate the next desorption step. After the last desorp-
tion step, two reaction vials from the As(V) desorption 
experiment were used to check arsenic mass balance by 
digestion with concentrated nitric acid at 95°C for 24 h. 
The mass balance was found to be 98.1% and 100.7% for 
the two samples.

2.4. Adsorption kinetics

Adsorption kinetics experiments were carried out 
in 60 ml polypropylene vials with two initial concentra-
tions for both As(III) (234 and 572 μg l−1) and As(V) (285 
and 695 μg l−1), using the same procedures in adsorption 
isotherm experiments. For each input concentration, 1 ml 
aliquots of the suspension were collected at selected 
time intervals and fi ltered through a 0.22 μm membrane 
fi lter for arsenic analysis.

To examine the effect of redox on arsenic adsorption 
on magnetite nanoparticles, adsorption kinetic experi-
ments were carried out in 1 l glass container under aer-
ated condition and deoxygenated condition controlled 
by continuous purging with argon gas. In the aerated 
experiment, about 1000 ml aqueous solution of 100 μg 
l−1 arsenic was added to the glass container. Then, 0.1 g 
magnetite nanoparticles was added to the solution 
exposed to atmosphere. In the experiments involv-
ing deoxygenated condition, the arsenic solution was 
sparged with argon gas for 20 min prior to the addition 
of magnetite nanoparticles, and argon sparging was 
continued throughout the duration of the experiment. 
Afterwards, the suspension was agitated using an over-
head propeller electric stirrer (Arrow Engineering, Hill-
side, NJ, USA). At selected time intervals, 10 ml aliquots 
of the suspension were collected and fi ltered for arsenic 
analysis. The pH of the suspension was measured at the 
end of each experiment.

2.5. Analytical methods

Arsenic was measured at 74.921 m e−1 with a Perkin 
Elmer Elan 9000 ICP-MS (Atlanta, GA, USA). ICP-MS 
was calibrated at 0–100 μg l−1 with arsenic standard solu-
tions in four-to-fi ve-point calibration. Germanium (Ge) 
was used as the internal standard for calibration. Excel-
lent linear calibration was generally observed with cor-
relation of 0.9999 or better. A quality control sample was 
analyzed every six samples to ensure that the calibra-
tion was valid for the analysis. The detection limit for 
arsenic was 0.02 μg l−1 for ICP-MS and the relative stan-
dard deviation of three replicate analyses was generally 
below 3%.

3. Calculation

3.1. Freundlich adsorption model

The Freundlich model is expressed as:

q = KF · C
N (1)

where q (μg kg−1) and C (μg l−1) represent the concentra-
tions of absorbed arsenic and aqueous arsenic respec-
tively; KF is the Freundlich affi nity coeffi cient (μg1−N·lN

kg−1) and N (unitless) is the Freundlich linearity index.

3.2. Biphasic fi rst-order kinetic model

Adsorption kinetics of arsenic by magnetite nanopar-
ticles was fi tted with a biphasic fi rst-order kinetic model:

/( ) (C C f e f e)f e)e
k t k tsf e) k) /(C −(( −k

0 1  (2)

where Ct (μg l−1) is the solution phase arsenic concentra-
tion at a given time; Ce (μg l−1) is arsenic concentration 
at adsorption equilibrium; C0 (μg l−1) is the initial arsenic 
concentration; t (h) is the reaction time; kr (h

−1) and ks (h
−1) 

are the apparent fi rst-order rate constants for the rapid 
and slow adsorption fractions, respectively; and f is the 
mass fraction associated with the slow adsorption frac-
tion. This four-parameter biphasic fi rst-order adsorption 
model is an empirical model, and its parameters are use-
ful to distinguish rapidly and slowly adsorption fractions. 
The nonlinear least-square optimization program (Sigma-
Plot 10.0) was used to obtain the best-fi t parameters.

3.3. Diffusion layer model

 DLM, one of the most commonly used surface com-
plexation models (SCMs), was also used to model arse-
nic adsorption on magnetite nanoparticles, accounting 
for the specifi c chemical and electrostatic interactions 
occurring at the surface. This model assigns two lay-
ers in the interfacial region: a surface layer containing 
a fi xed charge and a diffuse layer of counterions, oppo-
site charge to fi xed charge in solution. The relationship 
between surface charge and the potential is generalized 
by the Gouy–Chapman theory [24]. Similar to other 
commonly used SCMs, DLM has often been used to 
describe arsenic adsorption to iron oxides and is capable 
of addressing pH effects and electrostatic contributions 
to adsorption. The adsorption reaction constants were 
obtained by fi tting model-calculated values using the 
chemical speciation program Visual MINTEQ [25].

3.4. Multi-reaction model

An MRM was used to model the time-dependent 
adsorption of arsenic on magnetite nanoparticles. 
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The MRM is similar to the literature models used to 
describe the time-dependent adsorption of heavy met-
als to soils [26–28] and is based on the assumption that 
a fraction of the total adsorption sites reacts rapidly or 
instantaneously with arsenic whereas the remaining 
fraction of sites reacts slowly with arsenic. Fig. 1 shows 
the schematic illustration of the MRM, which can be 
described using the following mathematical formulation:

qe = Ke (θ/ρ) Cn (3)

∂ qk / ∂ t = k1 (θ/ρ) Cn − (k2+ k3) qk (4)

∂ qi / ∂ t = k3 · qk (5)

where C (μg l−1) represents solution concentration, qe 
(μg kg−1), qk (μg kg−1) and qi (μg kg−1) represent the mass 
associated with the equilibrium, kinetic, and irreversible 
sites, respectively, Ke (μg1−n·ln kg−1) is a Freundlich-type 
equilibrium constant, k1 and k2 (h

−1) are the forward and 
backward reaction rates associated with kinetics sites, 
respectively, k3 (h−1) is the irreversible rate coeffi cient 
associated with kinetic sites, n is the dimensionless reac-
tion order, θ (unitless) is the water content, ρ is sorbent 
density (kg l−1), t (h) is the reaction time. The best-fi t 
parameters of Ke, n, k1, k2 and k3 were obtained based on 
Newton’s method, Runge-Kutta method and non-linear 
least-squares optimization method [29].

4. Results and discussion

4.1. Time-dependent adsorption isotherms

Fig. 2(a) shows the time-dependent adsorption iso-
therms (15 h) of As(III) and As(V) on magnetite nanopar-
ticles. Both isotherms followed the Freundlich model 
(Eq. (1)) well. The fi tted KF values were 49,499 for As(III) 

and 24,745 for As(V), and the N values were 0.7758 for 
As(III) and 0.5438 for As(V). As(V) exhibited less affi n-
ity for magnetite nanoparticles than As(III) at pH 8.0, 
especially at higher concentrations. This observation is 
similar to those by Morin et al. [30] using maghemite 
as the sorbent (pH 8–8.5) and by Dixit and Hering [31] 
using amorphous iron oxide and goethite as the sor-
bents (pH range 6–9). In the present study, the surface 

Fig. 1. Schematic of the MRM for arsenic on magnetite 
nanoparticles. C represents solution concentration, qe, qk and 
qi represent the amounts sorbed at equilibrium, kinetic, and 
irreversible sites, respectively, and Ke is a Freundlich-type 
dimensionless equilibrium constant, k1, k2 and k3 are the 
respective reaction rate constants.

C qk
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qi

Ke

k1 k3

k2

Fig. 2. (a) Adsorption isotherms of As(III) and As(V) for 15 h 
fi tted by Freundlich model. Simulation of (b) As(III) adsorp-
tion isotherm and (c) As(V) adsorption isotherms with DLM 
model. Data are shown as symbols and model fi ts are shown 
as lines.
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 of magnetite nanoparticles was negatively charged at 
pH 8.0; the predominant species of As(V) in the solu-
tion were HAsO4

2− and H2AsO4
−, whereas As(III) existed 

predominantly as a neutral species, H3AsO3. Thus, the 
lower adsorption of As(V) was likely due to the electro-
static repulsion between the As(V) and the surface of 
magnetite nanoparicles.

To incorporate the electrostatic contribution to the 
adsorption of arsenic on magnetite nanoparticle sur-
face (at pH 8), the DLM was used to fi t the adsorption 
isotherms. The model parameters, including specifi c 
surface area of the magnetite nanoparticles (60 m2 g−1), 
surface site density (2.2 site nm−2), and the equilibrium 
constants for the magnetite surface, were taken from lit-
erature studies [31,32]. The constants of aqueous reaction 
for As(V) and As(III) were from the database of Visual 
MINTEQ.2.53. Table 1 provides the surface protonation 
and adsorption reactions along with their constants.

Figs. 2(b) and (c) show the model-fi t results, indi-
cating that DLM can describe the observed As(III) and 
As(V) adsorption data well. The adsorption constants 
for both As(III) and As(V) are similar to those reported 
for the adsorption of As(III) and As(V) on goethite and 
magnetite by Dixit and Hering [31]. Based on DLM, the 
As(III) adsorption might be caused by the formation of 
surface complex ≡FeH2AsO3 and ≡FeHAsO3

− , where as 

the As(V) adsorption mainly caused by the formation of 
surface complex ≡FeHAsO4

− and ≡FeAsO4
2−.

To further understand the time-dependent adsorption 
properties, adsorption isotherms of As(III) focused on 
low concentrations (0–220 μg l−1) were obtained at 15, 24, 
48, 72 and 120 h. All of the adsorption isotherms followed 
the Freundlich model reasonably (Fig. 3(a)), and the fi tted 
Freundlich parameters are summarized in Table 2.

In general, As(III) adsorption was increasingly 
nonlinear with the increase of adsorption time, the N 
value decreased from 0.817 to 0.398 as adsorption time 
increased from 15 to 120 h. The increased nonlinearity 
seems to indicate that the adsorption sites on magnetite 
nanoparticles become increasingly heterogeneous with 
reaction time. This might be due to oxidation occuring 
on magnetite surface which was redox-active, resulting 
in generation of many heterogeneous adsorption sites 
for arsenic. The time-dependent property was also evi-
dent with the increase of KF values with time.

Table 1
Reactions and parameters used in surface complexation 
modeling

Surface acidity reaction Log Ka

≡ FeOH + H+ → ≡ FeOH2
+ 4.6

≡ FeOH → ≡ FeO– + H+ −8.2

Adsorption reaction for As(III) Log K*b

≡ FeOH + H3AsO3 → ≡ FeH2AsO3 + H2O 4.42

≡ FeOH + H3AsO3 → ≡ FeHAsO3
− + H+ + H2O −2.50

Adsorption reaction for As(V)

≡ FeOH + AsO4
3− + 3H+ → ≡ FeH2AsO4 + H2O 30.50

≡ FeOH + AsO4
3− + 2H+ → ≡ FeHAsO4

− + H2O 25.79

≡ FeOH + AsO4
3− + H+ → ≡ FeAsO4

2− + H2O 19.10

Number of site types 1

Model type Diffuse 
double 
layer model

Sorption density (sites/nm2) 2.2c

Specifi c surface area (m2 g−1) 60

Equilibration time (h) 15
aMarmier et al. [32].
bThis study.
cDixit and Hering [31].

Fig. 3. Adsorption isotherms of As(III) fi tted by (a) Freun-
dlich model and (b) MRM model. Symbols are data points 
for different reaction time of 15, 24, 48, 72 and 120 h (from 
bottom to top). Lines represent model simulations.
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4.2. Adsorption kinetics

Fig. 4 shows the adsorption kinetics data of As(III) 
and As(V), each involving a high and a low initial con-
centrations in the solution. The adsorption kinetic was 
clearly biphasic—including an initial rapid stage and 
then a much slower one—and can be well described 
with the biphasic fi rst-order kinetic model (Eq. 2). The 
fi tted model parameters are listed in Table 3.

For both As(III) and As(V) approximately 31–44% 
of the adsorbed mass was associated with the rapid-
adsorption fraction, and the kr value was over one order 
of magnitude higher than the respective ks value. Simi-
lar biphasic patterns have been observed for arsenic 
adsorption to mineral oxides [9,33,34] and to soils [14].

Many mechanisms (such as interparticle/intra-
particle diffusion, surface precipitation, surface site 
heterogeneity, and formation of a solid-solution on 
the surface) have been proposed to interpret the slow 
adsorption process of arsenic to mineral oxides and soils 
[12,16,17]. Considering magnetite was characterized 

with reducing ability, oxidation was likely one of the 
contributing factors to the time-dependent of arsenic 
adsorption on magnetite. Therefore, the effect of redox 
on adsorption of arsenic on magnetite nanoparticles 
was examined along with the adsorption kinetics 
under aerated and deoxygenated conditions (Fig. 5). 
The time-dependent adsorption results in both the aer-
ated and deoxygentated conditions corresponded to 
biphasic behavior. In addition, there was no obvious 
effect on arsenic adsorption rate for these two condi-
tions in the fi rst 2 h. However, the long term adsorp-
tion of both As(V) and As(III) under deoxygenated 
condition was much slower than that of the aerated 
condition. At the end of the experiment, the amount 
adsorbed under deoxygenated condition was lowered 
by about 14% for both As(V) and As(III). The slow 
kinetics might be related to the degree of oxidation. 
Both water molecular and dissolved O2 can be oxidants 
of the magnetite surface and the redox reactions of 
magnetite could be described by:

Table 2
Parameters of Freundlich model and Multireaction model fi tted to As(III) adsorption isotherms

Data seta Freundlich model Multireaction model (MRM)

 KF
N r2 n Ke k1 (h

−1) k2 (h
−1) k3 (h

−1) r2

15 h 17690 ± 2139 0.817 ± 0.023 0.999

24 h 109566 ± 8615 0.547 ± 0.016 0.999 0.572 ± 2.130 ± 0.436± 0.029± 0.0016 ± 0.992

48 h 142045 ± 6388 0.563 ± 0.010 0.999 0.007 0.381  0.027 0.002 0.0004

72 h 221931 ± 26044 0.478 ± 0.026 0.996

120 h 355357 ± 66522 0.398 ± 0.044 0.984       
a“data set” represents As(III) adsorption isotherms for different reaction time including 15, 24, 48, 72 and 120 h.

Fig. 4. (a) As(III) and (b) As(V) concentration in solution versus time during adsorption. Symbols are data points for different 
initial concentrations. Solid lines represent biphasic fi rst-order model simulation, and dotted Lines represent MRM model 
simulation based on the parameters in Table 2 for As(III), and using the parameters optimized by data set of ’Overall ’ in 
Table 3 for As(V).
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4Fe3O4(s) + O2 (aq) +18 H2O → 12 Fe(OH)3(s) 

Fe3O4 (s) + 2 H2O → Fe2O3(s) + Fe(OH)3 (s) + 1/2 H2

Either the amorphous ferric hydroxide (Fe(OH)3) or 
maghemite (Fe2O3) might be formed on the magnetite 
surface and cause an increasing specifi c surface area over 
time [35,36] and also led to generation of heterogeneous 
adsorption sites for arsenic. Therefore, this rate-limit 
process resulted in slow arsenic adsorption kinetics. 
This process was probably faster in aerated condition 
with dissolved O2 than in deoxygenated condition. 

Thus, oxidation was likely one of the factors for the 
observed slow kinetics.

Although surface precipitation was considered as an 
important factor responsible for the slow process in pre-
vious studies [12] where relative high arsenic concentra-
tions were used, it might not be the mechanism for the 
slow process due to the very low arsenic concentrations 
involved in the present study. The highest initial concen-
tration of arsenic was 695 μg l−1 (As(V)) for the adsorp-
tion kinetics data in Fig. 4. Even a complete adsorption 
of arsenic on the surface of magnetite nanoparticles 
occurred, the adsorption would only account for 0.42% 

Table 3
Parameters of biphasic fi rst-order kinetics and multi-reaction models to As(III) and As(V) kinetics data

Data seta Biphasic fi rst-order adsorption kinetic model

  Ce/C0
c f kr (h

−1) ks (h
−1) r2  

As(III) C0_1 0.1583 ± 0.0138 0.4415 ± 0.0376 1.5020 ± 0.2887 0.0489 ± 0.0074 0.997

C0_2 0.3356 ± 0.0191 0.3823 ± 0.0710 1.2485 ± 0.5133 0.0494 ± 0.0123 0.992

Deoxygenated 0.3098 ± 0.0156 0.5795 ± 0.0638 0.7534 ± 0.1426 0.0760 ± 0.0227 0.997

Aerated 0.1748 ± 0.0157 0.2635 ± 0.0461 6.1310 ± 2.9562 0.1698 ± 0.0218 0.996

As(V) C0_3 0.2357 ± 0.0385 0.3145 ± 0.0695 3.5405 ± 2.5678 0.0275 ± 0.0070 0.985

C0_4 0.3753 ± 0.0913 0.4308 ± 0.0661 1.2146 ± 0.3478 0.0100 ± 0.0052 0.989

Deoxygenated 0.4509 ± 0.0093 0.4807 ± 0.0457 3.5335 ± 0.7346 0.1391 ± 0.0264 0.996

Aerated 0.3121 ± 0.0157 0.4199 ± 0.0689 2.1105 ± 0.6506 0.1384 ± 0.0321 0.995

Multireaction model
n Ke k1 (h

−1) k2 (h
−1) k3 (h

−1) r2

As(V) Overall 0.455 ± 0.011 4.966 ± 0.373 1.157 ± 0.105 0.1093 ± 0.0068 0.0034 ± 0.0001 0.995
a“C0_1” and “C0_2” refer to kinetic experiments initiated from As(III) concentrations of 234 and 572 μg l−1, respectively; while “C0_3” and 
“C0_4” refer to kinetic experiments initiated from As(V) concentrations of 285 and 695 μg l−1, respectively.
“Deoxygenated” and “Aerated” represent kinetic experiments conducted under deoxygenated and aerated conditions.
“Overall” includes the data sets of “C0_3” and “C0_4”.

Fig. 5. Fractional (a) As(III) and (b) As(V) adsorption versus time comparing aerobic condition and deoxygenated conditions. 
Solid lines depicted results of curve-fi tting with the biphasic fi rst-order adsorption kinetic model.

As(III)
(a)

0.0

.2

.4

.6

.8

1.0

0.0

.2

.4

.6

.8

1.0
As(V)

806040200

Time (hr)

806040200

Time (hr)

C
t/C

0

C
t/C

0

(b) aerated
deoxygenated

aerated
deoxygenated



W. Yang et al. / Desalination and Water Treatment 44 (2012) 100–109 107

of the total adsorption density (calculated using Visual 
Minteq based on a surface area of 60 m2 g−1 and a site 
density of 2.2 sites nm−2). Furthermore, the excellent fi t 
by the DLM model with one surface layer confi rmed 
that surface precipitation could not be the factor that 
account to the time-dependent adsorption.

4.3. Desorption hysteresis

Fig. 6 shows the desorption results along with 
adsorption isotherms (15 h) at pH 8.0. For both As(III) 
and As(V) desorption from magnetite nanoparticles 
was highly hysteretic. Similar hysteretic desorption has 
been reported for the desorption of arsenic from mineral 
oxides and soils, [11,17,19,34] and in the previous stud-
ies involving magnetite nanoparticles of different sizes 
[6,37]. For example, Fuller et al. [9] found that only a small 
fraction of As(V) desorbed from ferrihydrite in 144 h; 
they proposed that desorption hysteresis was due to 

the slow diffusion within the aggregates of ferrihydrite. 
Zhang and Selim [14] found that a signifi cant amount 
of As(V) was irreversibly adsorbed on soils after several 
repetitive desorption steps, and proposed that desorp-
tion hysteresis was due to lack of adsorption/desorp-
tion equilibrium resulting from slow diffusion, and/
or irreversible adsorption processes involving surface 
precipitation reactions. Based on the literature studies 
mentioned above, both slow adsorption and desorp-
tion kinetics could have contributed to the observed 
hysteretic desorption patterns shown in Fig. 6. In par-
ticular, the adsorption kinetics data (Fig. 4) indicates that 
adsorption of As(III) and As(V) can not reach equilib-
rium after 162 h. Thus, considering the short adsorption 
time (15 h) involved in the adsorption step, it is possible 
that adsorption of arsenic continued after desorption 
was initiated. Note that the mechanisms responsible for 
the desorption hysteresis are not well understood, and 
other potentials processes could also result in the hyster-
etic desorption shown in Fig. 6. For example, Aria and 
Sparks [34] argued that the increased irreversibility of 
desorption was possibly caused by the rearrangement 
of surface complexes and surface precipitation, based 
on the extended X-ray absorption fi ne structure (EXAFS) 
evidence. Undoubtedly, much more studies and further 
evidence are needed to fully understand the true causes 
of desorption hysteresis.

4.4. Modeling of adsorption and desorption using MRM

As shown in Fig. 1 and Eqs. (3)–(5), the MRM 
accounts for both the nonlinear adsorption equilibrium 
and slow adsorption kinetics. Therefore, it is possible to 
quantitatively model both the time-dependent adsorp-
tion isotherm data and the biphasic adsorption kinetics 
data with one set of MRM parameters (i.e., Ke, k1, k2, k3 
and n). This can be of signifi cant practical importance, 
because technically it is possible to obtain the fi ve MRM 
parameters with a small set of data (e.g., one or two 
adsorption isotherms, or a kinetic data set such as those 
in Fig. 4) and then use them to predict thermodynamic 
and kinetic properties for the adsorption/desorption of 
arsenic on magnetite nanoparticles.

In the present study, the As(III) adsorption isotherm 
data at different reaction times was used to fi t MRM model 
using the nonlinear least square optimization approach. 
The fi tted model parameters are given in Table 2. 
As shown in Fig. 3(b), this fi ve-parameter version of 
MRM was capable of describing the time-dependent 
adsorption isotherms of As(III) except for the 15 h iso-
therm. The fact that only one set of model parameters 
was needed to predict adsorption isotherms at different 
reaction times (24–120 h) suggested that the applicability 
of the model is likely independent of adsorption time. 

Fig. 6. Adsorption and desorption isotherms of (a) As(III) 
and (b) As(V) on magnetite nanoparticles. Solid lines rep-
resent adsorption isotherms fi tted with Freundlich equa-
tion. Dotted lines are desorption isotherms initiated from 
selected points along the adsorption isotherm.
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 that such parameters can correctly describe the sorbent. 
Additionally, the aqueous and surface complexation 
reaction may become more complex than we expected 
considering the complexity of soild-electrolyte interface 
and the plausible heterogeneity of the sorbent (multiple 
surface sites, different crystal planes, etc.). The excellent 
fi ts of adsorption kinetics by biphasic fi rst-order adsorp-
tion kinetic model and MRM model is understandable 
considering the mechanism that two models are based 
on because the two models take into account both the 
rapid and slow processes. Nevertheless, biphasic fi rst-
order adsorption kinetic model can not be used for 
a wide range of initial concentration because one set 
parameters only match with one input concentration. 
MRM model not only is able to describe the adsorption 
covered different input concentrations, but also pre-
dicts the desorption well based on the adsorption data. 
Therefore, MRM model is of more practical value and is 
recommended for predicting the retention of arsenic on 
nanomagnetite.

5. Conclusions

The adsorption of arsenic on magnetite nanopar-
ticles was time-dependent, exhibited as a biphasic pat-
tern, an initial rapid reaction followed by a much slower 
reaction. The slow adsorption was not the result of sur-
face precipitation, but might be oxidation of magne-
tite. Desorption of arsenic on magnetite nanoparticles 
was hysteretic and should be taken into account in fate 
and transport modeling and regeneration of magnetite 
nanoparticles.

Freundlich model, biphasic fi rst-order model, DLM 
and MRM can describe the adsorption/desorption data 
of arsenic on magnetite nanoparticles. However, com-
pared to these models, the three-phase MRM provided 
good overall description of the adsorption and desorp-
tion of arsenic on magnetite nanoparticles with differ-
ent initial concentrations. Therefore, a major implication 
of this study is that the application of MRM model is 
recommended in predicting the fate and behavior of 
arsenic in the water treatment system with magnetite 
nanoparticles and spread to other iron oxides.
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The applicability of the MRM in predicting As(III) 
adsorption was further tested by comparing the actual 
adsorption kinetics data in Fig. 4(a) (C0_1 and C0_2) 
with the MRM prediction using the parameters listed 
in Table 2. Interestingly, the model predictions agreed 
well with the experimental data, even though the fi ve 
MRM parameters were obtained by fi tting a completely 
different set of data—the As(III) adsorption isotherms 
data (Fig. 3). Similarly, the two sets of As(V) adsorption 
kinetics data (with different initial C0) in Fig. 4(b) can be 
well described with one set of the MRM parameters.

Adsorption–desorption data for both As(III) and 
As(V) was simulated by MRM model based on the opti-
mized parameters from previous adsorption data. Fig. 7 
shows the examples for As(III) and As(V) (As(III)_D1 and 
As(V)_D1), illustrating that MRM model can predict the 
adsorption–desorption of both As(III) and As(V) quite 
well. In other words, the simulation on desorption can 
be easily obtained where one can use parameters based 
on adsorption data set alone. The three-phase MRM pro-
vided good overall description of the adsorption and 
desorption of arsenic on magnetite nanoparticles.

Although Freundlich model, biphasic fi rst-order 
model, DLM and MRM can describe the adsorption 
data of arsenic on magnetite nanoparticles. However, 
for Freundlich model, the time dependence of KF implies 
that the Freudlich model represents an oversimplifi ca-
tion of the retention mechanisms on magnetite nanopar-
ticles. the DLM model, a chemical model, is not able to 
predict the kinetic and even desorption data. Further, 
many parameters such as surface site density and stabil-
ity constants may be diffi cult to obtain, even though they 
may be chosen from the literature. There is no guarantee 

Fig. 7. Comparison of solution concentrations of As(III) and 
As(V) versus time during adsorption–desorption with the 
predictions of MRM, using respective one initial concen-
tration for As(III) and As(V) (As(III)_D1 and As(V)_D1) as 
example.
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