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ABSTRACT
This is an investigation of the adsorptive removal of anthraquinone dyes, resembled by Alizarin,
by utilizing maghemite iron oxide (γ-Fe2O3) nanoparticles in aqueous media. The adsorption
process was affected by several parameters such as solution pH, adsorbent amount, contact
time, and temperature. After optimizing the parameters affecting the adsorption, the process
was successful in removing Alizarin dye with an efficiency exceeding 95%. Best adsorption results
were achieved at a pH of 11 and contact time of 60 min. The adsorption was shown to follow the
Langmuir model suggesting a monolayer and homogeneous coverage. The maximum adsorption
capacity (qm) was found to be 23.2 mg/g at pH = 11. A thermodynamic study showed that the
adsorption process is exothermic and spontaneous at room temperature. The Gibbs free energy of
adsorption (-6.79 kJ/mol) obtained in this study suggests a physisorption process. This finding has
facilitated the regeneration of the Fe2O3 nanocatalyst. Both NaOH and HNO3 at dilute levels were
tested for the regeneration of the nanocatalyst. Regeneration with HNO3 was successful up to four
successive removal cycles with an efficiency >80%. Photodegradation experiments utilizing a UV
light were also successful in maximizing the adsorption removal efficiency. A sorption mechanism
based on the results obtained in this work is also proposed.
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Introduction

Despite the fact that freshwater supply in our planet has
remained fairly constant over time, it has become less
accessible in recent years due to the growth in popula-
tion, industrialization, and pollution. According to the
United Nations, more than two billion humans lack
access to safely managed water services in 2017.[1] In
many areas, such as the Middle East and large parts of
Africa, Droughts and contamination have affected both
the quantity and quality of accessible water.[2,3] Organic
dyes constitute a large portion of contaminates that
contributes to freshwater quality.[4–7] They are sourced
from textile, plastic, and cosmetic industries. Most dyes
are not biodegradable, and many are suspected with
carcinogenic and mutagenic effects.[8] The environ-
mental impact of dyes pollution is enormous. It is
estimated that the 800,000 tons of different dyes are
produced globally every year[9]; of which, 17% to 20% is
responsible for the total industrial water pollution
according to the World Bank.[10]

Many technologies have been adapted to treat waste-
water from organic pollutants, this includes electroche-
mical methods, coagulation–flocculation, precipitation,
ion-exchange, membrane filtration, advanced oxidation,

and adsorptive removal.[3,11–14] Due to its high efficiency,
cleanness, and simplicity, adsorption succeeded as one of
the most favored technologies in treat wastewater.
Adsorption gained further importance with advance-
ments in nanotechnology. In recent years, metal oxide
nanoparticles (NPs) have demonstrated high efficiency in
the adsorptive removal of both organic and inorganic
wastes.[6,12,14–16] This is due to their large surface area,
selectivity, and superior catalytic properties. Despite the
extensive research on the adsorptive removal of organic
waste, the large amount of “sludge” produced from the
process is considered one of its major drawbacks. A new
approach has been developed recently for the treatment of
non-biodegradable organic matters present in industrial
effluents “sludge”.[5,17] This is achieved by using a new
generation of nanoadsorbents, so-called, nanosorbcats, to
first absorb the organic matter present in the wastewater
onto the nanosorbcat surface, followed by upgrading this
matter into new commodity chemicals or fuels.
Upgrading can be achieved by either thermal oxidation,
advanced oxidation, or catalytic cracking.

Anthraquinone dyes are classified as the second most
important class after Azo dyes.[18] Examples of involve
Purpurin, Morindon, Rubuadin, and Alizarin. In this
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work, we were motivated to choose Alizarin (ALZ),
shown below, for two reasons; first, as a model for water-
insoluble dyes, and, second, because of its unique chemi-
cal structure. ALZ consists of a fused three aromatic rings,
with phenolic (-OH) and ketone (= O) functional groups.
This type of structure can resemble the heavy aromatic
waste found in tailing ponds, and as a by-product of heavy
oil processing.[19,20]

ALZ has many uses as a pigment, acid-base indicator,
and in biological fields to identify calcium in tissue
section.[21,22] The dye can be found in many forms,
such as Alizarin red S (ARS), and Alizarin Yellow
R (AYR), in addition to the parent ALZ shown above.
Because of industrial importance, ALZ was a subject of
several studies.[23–27] However, these studies were
focused on ARS and AYR, rather than the parent ALZ
itself. In addition, no attempt was made to develop
a technique to treat this dye in acidic media, where its
solubility is very low. In this work, we thoroughly inves-
tigated the adsorptive removal of ALZ from aqueous
solutions using maghemite iron oxide (γ-Fe2O3) nano-
particles. The experimental parameters affecting the
adsorption such as the pH, adsorbent amount, and con-
tact time were optimized. A temperature study was also
carried out in order to deduce the kinetic and thermo-
dynamic parameter of adsorption. The Langmuir-
Freundlich isotherm developed by Sips[28] was used to
predict the adsorption behavior. In addition, the photo-
degradation of ALZ in the presence of γ-Fe2O3 nanopar-
ticles was investigated using UV light, which decompose
ALZ into simple products. A regeneration study for the
NP catalyst was also performed by chemical etching, and
the adsorption process was successful for four cycles
using HNO3 as etching agent.

The novelty of this work lies in two folds; first, it
resembles the first study on the adsorptive removal of
the parent ALZ dye. Secondly, it provides
a comprehensive investigation for the adsorption
mechanism, kinetics, and the regeneration of the γ-
Fe2O3 NP catalyst, in addition to the enhanced removal
utilizing UV light. The outcomes of the study are

crucial for any future implementation of the process
at the industrial scale.

Materials and methods

Chemicals

The γ-Fe2O3 nanoparticles (20–40 nm, surface area =
30–60 m2/g) were purchased from Alfa Aesar,
Massachusetts, USA. NPs from the same vendor were
previously characterized by El-Qanni et al.[5] XRD ana-
lysis showed that the purchased NPs were free from any
defects. Also, High-resolution TEM proved the spheri-
cal shape and the diameter of the NPs to be in the range
of 5–15 nm, which is close to the size reported from the
vendor. All other reagents including the ALZ dye,
Borax, NaOH (99% pure), HCl (32% by mass), KH2

PO4 (99% pure), KHP (98% pure), and acetic acid (98%
pure) were purchased from Sigma-Aldrich Company
Ltd, and were used as received without further purifi-
cations. These reagents were used to prepare the buffers
required to regulate the solution pH.

Adsorption experiments

For the adsorption experiments described in this work,
standard solutions of ALZ dye (240.21g/mol) were pre-
pared in buffered solutions and using reagent grade
deionized water. Different buffer solutions were used
depending on the desired pH; KHP/NaOH buffer was
used for pH = 3. Acetic acid/NaOH buffer for pH = 5,
KH2PO4/HCl for pH = 7, Borax/HCl for pH = 9 and 9,
and Borax/NaOH for pH>10. The final pH of the
standard solution was adjusted using diluted HCl or
NaOH. Batch adsorption experiments were carried out
using 25 mL plastic vials. The vials, containing 10 mL
of an aqueous solution and a specified amount of NPs
were tightly sealed and shaken using Lab Tech® shaker
(Daihan Labtech). The pH was adjusted and measured
using JENWAY 3510 pH meter at the laboratory ambi-
ent temperature. In all experiments, the contaminated
NPs were separated from treated media by using
a small magnet bar, and the supernatant was decanted.
No filtration was performed to avoid any side adsorp-
tion by filter papers. The concentration of ALZ in the
supernatant was measured by UV-vis spectrophot-
ometer (SHIMADZU UV-1800). Fourier transform
infrared (FTIR) spectroscopy in the range
(4000–400 cm−1) was used for the characterization of
ALZ and identify the changes on NPs before and after
adsorption. FTIR Spectra were recorded using Thermo
Scientific Nicolet IS5 spectrophotometer.

Chemical structure of Alizarin.

2434 I. BADRAN AND R. KHALAF



Adsorbent regeneration experiments

To test the reusability of the Fe2O3 NPs, 15 mg NPs were
added to 10 ml dye solution (24.02 mg/L) and the
mixture was shaken at 25°C for 4 hrs. After the magnetic
separation, the supernatant was decanted and the con-
taminated NPs were collected by a magnet and washed
with HNO3. After that, the adsorbent was washed with
distilled water and reused for adsorption again. The
supernatant solutions were analyzed by UV–VIS
spectrophotometer.

To study the effect of HNO3 and NaOH on regen-
eration, several cycles of adsorption experiments were
performed at different concentrations of the two
reagents. A comparison was then made between the
cycles to determine the etching reagents performance.

UV photodegradation experiments

The apparatus employed in the photocatalytic experi-
ments is described in details elsewhere.[29] The setup
consists of a high-pressure mercury UV light source
(300 W, 230 V, ULTRA-VITALUX, OSRAM GmbH,
Munich, Germany). The apparatus was placed in
a sealed metal box to avoid the harmful UV radiation.
In order to stabilize the temperature inside the cham-
ber, a fan was fitted on the sidewall. The irradiation was
concentrated on the reaction mixture using a lens.

Results and discussion

Optimizing adsorption parameters

Prior to each adsorption experiment on ALZ,
a calibration curve was constructed using standard
solutions of ALZ to quantify the concentration after
adsorption. An example of the calibration curve is
shown in the supplementary information section. For
all calibration curves used in this work, a linear regres-
sion coefficient (R2) close to unity was ensured for best
results.

Adsorption experiments were performed with γ-Fe2
O3 NPs as described in the experimental section. As
shown in Fig. 1, adsorption was successful in treating
the aqueous medium from the ALZ dye. Different
environmental parameters were investigated to opti-
mize the adsorption process. First, the effect of the
amount of adsorbent was investigated by varying the
amount of NPs in the range 1.0 to 45.0 mg in a 10 mL
vials, and with a fixed dye concentration of 24.02 mg/L.
Because of the fact that ALZ dye solubility in acidic
medium is low, this part of the study was performed at
a basic medium with pH = 11.0. The dye removal
efficiency can be defined as:

%ofdyeremoval ¼ Co � Ce

Co
� 100 (1)

where Co and Ce (mg/L) are the initial and equilibrium
concentration of the dye in solution.

Figure 2 shows the increase in the removal efficiency
as the amount of NPs becomes higher until the equili-
brium limit. This is a common behavior of dyes adsorp-
tion on metal oxide NPs due to the increase in the
number of active sorption sites as the amount of adsor-
bent becomes higher, till the sites are saturated.[30]

In order to better optimize the adsorption of ALZ, the
effect of contact time on the removal efficiency was inves-
tigated by fixing all other parameters. It was found that the
adsorption of ALZ increases quickly in the first 60min, and
then slows down until the adsorption process achieves
equilibrium.Herein, it is worth noting that the fast removal
rate during the first hour might be attributed to the rapid
diffusion ofALZ from the solution to the external surface of
the γ-Fe2O3 NPs. The short equilibrium time is in agree-
ment with that reported by other studies. For instance,
Nassar[15] investigated the removal of Pb(II) onto iron
oxide NPs. It was reported that the rapid removal by the
nanoparticles is due to their small size, which was favorable
for the diffusion of adsorbate from bulk solution onto the
active sites of the solid surface.[15,31] Meanwhile, as the sites
being gradually occupied, the adsorbed ALZ tend to be
transported slowly from the bulk solution to the actual
occupied sorption sites. Such slow diffusion will decrease
the adsorption rate of ALZ at later hours.

The next parameter we optimized is the pH of the
solution, which is considered one of the very important
parameters that affects the adsorption process. The
adsorption of ALZ dye on Fe2O3 NPs was studied in
acidic, neutral, and basic medium. As mentioned ear-
lier, ALZ solubility in acidic medium is low, which
introduced uncertainty in the quantification of ALZ at
pH < 5. Therefore, the effect of pH on the adsorption of

Figure 1. Photographs of ALZ sample before (right) and after
shaking with γ-Fe2O3 NPs for 4 hrs. initial dye concentration =
24.02mg/L, solution’s pH = 11, amount of adsorbent = 15 mg,
shaking speed 130 rpm, 250C.
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ALZ was studied in the pH range 8.0–12.0 as presented
in Fig. 3. As seen, the removal of ALZ is highly pH
dependent and increases with increasing pH. It was
reported that the pH value of the point of zero charge
(PZE) of γ-Fe2O3 NPs is 6.5.

[32] At this value, the total
positive charges on the surface of γ-Fe2O3 are equal to
the total negative ones. Generally speaking, the adsor-
bent surface is positively charged when pH < pHpzc

because the acidic solution donates more protons than
hydroxide groups. In contrast, when pH > pHpzc the
surface is negatively charged. Consequently, one can
argue that the interaction of ALZ with the negatively

charged Fe2O3 should increase with the increase of pH,
leading to high adsorption. However, this was not the
case in this work and an explanation of this phenom-
enon will be discussed later (Section 3.6).

Adsorption kinetics

Studying the adsorption kinetics helps in comprehend-
ing the adsorption mechanism. Also, such a study pro-
duces vital kinetic parameters, such as rate constants,
that are required for any future industrial application of
the process. The kinetics of ALZ adsorption was
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Figure 2. Effect of adsorbent amounts (mg) on removal efficiency of the ALZ, initial ALZ dye concentration 24.02mg/L, solution pH = 11,
shaking time 4 hrs, 250C.
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Figure 3. Effect of pH on the removal efficiency of ALZ dye at a fixed initial concentration of 24.02mg/L. shaking time = 4 hrs,
shaking speed 130 rpm, 25°C.
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studied by following the equilibrium adsorbate concen-
tration (qe), defined in eq. (2)[33,34,35] over a period of
time. It is not uncommon in adsorption studies to use
the Lagergren pseudo-first-order, and Ho pseudo-
second-order rate equations given by Equations (3)
and (4) follows:[33,35]

qe ¼ Co � Ce

W
V (2)

lnðqe � qtÞ ¼ ln qe � k1t (3)

1
qe � qt

¼ k2t þ 1
qe

(4)

where Co, and Ce (mg/L) are the adsorbate initial concen-
tration and at equilibrium, respectively. V(L) and W(g)
are the solution volume and adsorbent dosage, respec-
tively. qe and qt (mg/g) are the adsorption capacities at

equilibrium and time t, respectively, and k1 and k2 are the
rate constant of the pseudo-first- and second-order of
adsorption, respectively.

Figure 4 shows the time evolution of the equilibrium
adsorbate concentration (qe) up to 400 min. The experi-
mental data in Fig. 4 were fitted to Equations (3) and (4)
above using least square linear regression in Origin,[36] and
the results are depicted in Fig. 5. By comparing the
R-squared (R2) regression values for the first-order
(0.887) and the second-order (0.992) fittings, it is clear
that the ALZ adsorption follows second-order kinetics,
with an estimated pseudo-rate constant of 3.7 × 10−3g/mg
min. The pseudo-second-order kinetics of ALZ dye
observed in this work is in agreement with previous studies
on Alizarin red S (ARS) done by Fu et al.,[24] Gholivand
et al.,[25] and Machado et al.[26] This agreement indicates
that the rate determining step in the adsorption reaction
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Figure 4. The change of the equilibrium adsorbate concentration (qe) of ALZ with time, initial ALZ dye concentration 24.02mg/L,
solution pH = 11, amount of adsorbent = 15 mg, shaking speed 130 rpm, 250C.
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Figure 5. (a) Pseudo-first-order kinetics, and (b) pseudo-second-order kinetics of ALZ adsorption on Fe2O3 NPs.
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involves a bimolecular interaction between the dye and the
Fe2O3 NPs.

As seen from Fig. 2, the adsorption efficiency is
>95% for an initial connotation of ALZ dye of
24.02 mg/L. In addition, the maximum adsorption
capacity (qmax) obtained in this work at pH = 11 was
determined to be 23.2 mg/g. These results are com-
pared to previous studies in Table 1. As we mentioned
in the introduction, there is plenty of studies that cover
the adsorption of ARS and AYR dyes, while little work
was done on the parent ALZ dye itself.

As seen from Table 1. The removal efficiency
obtained in this work is comparable to those obtained
in other adsorption, membrane filtration, or electrocoa-
gulation studies. Also, the adsorption capacity value
23.2 mg/g obtained in this work is considered very
good provided the low initial concentration of ALZ
dye (24 mg/L).

The data tabulated in Table 1 suggests that the
method used in this work is as efficient as other meth-
ods. However, non-adsorptive methods (membrane fil-
tration, electrocoagulation, photodegradation, etc.),
require costly parts and heavy setups. Therefore,
adsorption is still considered advantageous, especially,
when the highly effective, commercially available, and
cheap γ-Fe2O3 NP is used.

Adsorption isotherms

The removal efficiency of any adsorbent depends on its
capability of accumulating the adsorbate on its
surface.[12,15] Adsorption isotherms, which are con-
stant-temperature mathematical relationships between
the amount of adsorbate per unit of adsorbent (qe) and
its equilibrium concentration (Ce), are of great signifi-
cance in the adsorption process.[41] The importance of
such isotherms is not limited to assess the adsorption
efficiently, but also in designing efficient batch, contin-
uous, or fixed-bed industrial adsorbers.[12,41] Therefore,

we studied the adsorption isotherm of ALZ dye on the
Fe2O3 NPs at different pH values and at different initial
concentrations of ALZ ranging from 2.40 to 96.08 mg/
L, as depicted in Fig. 6.

The two famous adsorption isotherms, Langmuir
and Freundlich, were used to fit the experimental data
obtained in this work. The Langmuir model assumes
that all of the adsorption sites are equivalent and the
monolayer adsorption occurs at the binding sites with
homogenous energy levels and without any phase tran-
sition, i.e. no transmigration of adsorbed molecules on
the adsorption surface. Also, Langmuir assumes that
there are no interactions between adsorbed
molecules.[42] The Langmuir equations can be
expressed as[43,44]:

qe ¼ qmKLCe

1þ KLCe
(5)

or

Ce

qe
¼ 1

KLqm
þ 1
qm

Ce (6)

where Ce is the equilibrium concentration of the ALZ
solution (mg/L), qe is the adsorption capacity at equili-
brium (mg/g), KL is the constant related to free energy
of adsorption (L/mg), and qm (mg/g) is the maximum
adsorption capacity, representing the maximum
amount of ALZ adsorbed per unit weight of nanoad-
sorbents for complete monolayer coverage.

Figure 7(a) shows the results of fitting the experi-
mental data in Fig. 6 according to the Langmuir model
in Equation (6) using least square linear regression. By
fitting Ce against Ce/qe, a good linear relationship was
obtained, and the values of KL and qm were determined
from the intercept and slope of the plot. Here, the
parameter qm (mg/g) represents the maximum adsorp-
tion capacity of dye per unit mass of sorbent to form
a complete monolayer on the surface bound at high Ce.
Also, KL (L/mg) represents the Langmuir energy

Table 1. Comparison between the results obtained in this work with previous studies.

Method Dye

Initial
Concentration

mg/L
Adsorption
efficiency (%)

Adsorption
capacity

qmax (mg/g) Reference

Adsorption/Maghemite Fe2O3 ALZ 24 95% 23.2 Current Work
Adsorption/Magnetic activated carbon (MAC)/maghemite Fe2O3

nano-composite
ARS 70 99.4% 108.7 Fayazi et al.[23]

Adsorption/Activated clay modified by iron oxide (Fe-clay) ARS 400 90% 32.7 mg/g Fu et al.[24]

Adsorption/Polypyrrole-coated Fe3O4 nanoparticles ARS
AYR

100
120

78.7%
97.8%

116.3 mg/g
113.6 mg/g

Gholivand et al.[25]

Adsorption/Single carbon nanotubes (SWCNT) ARS 100–1000 95% 312.5 Machado et al.[26]

Adsorption/Multiwalled carbon nanotubes (MWCNT,) ARS 100–1000 95% 135.2 Machado et al.[26]

Nano filtration/poly(piperazine amide) memebrane AYR 100 97% - Lü et. al.,[37]

Electrocoagulation/aluminium electrodes ARS 100 97% 785 Adeogun et. al.,[38]

Electrocoagulation/Fe/Al composite ARS 300 90% - Ma et. al.,[39]

Electrocoagulation/aluminium electrodes ARS 10–30 90% - Mukherjee et. al.,[40]
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constant which is related to the heat of adsorption. The
Langmuir parameters, KL and qm, in addition to the
corresponding R2values obtained from Fig. 7 shows are
tabulated in Table 2. At pH = 12, qm was found to be
28.6 mg/g.

In addition to the Langmuir isotherm, the experi-
mental data obtained during this work were fitted to

the Freundlich isotherm.[12,13,41] This is an empirical
relationship describes the multilayer adsorption of het-
erogeneous systems and assumes that different sites
have several adsorption energies involved. The corre-
sponding equations are commonly represented by:

qe ¼ Kf C
n
e (7)

or

log qe ¼ logKf þ n logCe (8)

Thus, a plot of log Ce against log qe should produce
a straight line where the Freundlich constants, Kf and n,
can be obtained from the intercept and slope. Here, KF

(1/g) is the Freundlich adsorption coefficient that char-
acterizes the strength of adsorption. The higher the
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Figure 6. Adsorption isotherms of ALZ onto NPs at different pH values. Shaking time = 4 hrs, amount of adsorbent = 15 mg, shaking
speed 130 rpm, 25°C.
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Figure 7. a) Langmuir isotherms, and b) Freundlich isotherms of ALZ onto NPs at different pH values. Shaking time = 4 hrs, amount
of adsorbent = 15 mg, shaking speed 130 rpm, 25°C.

Table 2. Fitting parameters for the Langmuir and Freundlich
models at different pH values.

Langmuir constants Freundlich constants

pH KL qm R2 KF n R2

8.0 0.161 11.904 0.995 3.380 0.301 0.972
9.0 0.547 11.905 0.995 5.164 0.248 0.956
10.0 0.286 18.181 0.997 7.211 0.243 0.978
11.0 0.614 23.255 0.998 9.462 0.274 0.961
12.0 0.406 28.571 0.991 10.764 0.303 0.963
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value of F, the higher is the adsorbent loading that can
be achieved.[41] The exponent, n, represents the adsorp-
tion intensity that varies with the heterogeneity of the
adsorbate. In theory, n can take any value. In practice,
however, Freundlich isotherms with n < 1 show relative
high adsorbent loadings and considered favorable.
Whereas isotherms with n > 1 are considered
unfavorable.[41] Fig. 7(b) shows the fitting the data in
Fig. 6 to the Freundlich isotherm modeled by Equation
(8) using the least square linear regression. The para-
meters obtained from this fitting, Kf and n, are also
tabulated in Table 2. As seen in the table, the adsorp-
tion of ALZ was fitted well with the Langmuir isotherm
model with R2 close to 0.99. This indicated that adsorp-
tion took place at specific homogeneous sites within the
NPs adsorbent forming a monolayer coverage. The fact
that ALZ dye adsorption on γ-Fe2O3 NP surface follows
the Langmuir model is in complete agreement with
previous studies performed on Alizarin dyes utilizingγ-
Fe2O3 nanoparticles as adsorbents. Such as in the works
of Fu et al.,[24] Fayazi et al.,[23] and others.[6,27] In
addition, the Freundlich constant n was determined to
be around 0.3. This value indicates a very favorable
adsorption isotherm, as indicated earlier.[41,45]

To further understand the adsorption behavior, the
experimental data obtained in this work were fitted to
the SIPS isotherm.[28] This isotherm is a combination
of the Langmuir and Freundlich isotherms and is valid
for localized adsorption without adsorbate-adsorbate
interactions.[46] When adsorbate concentrations Ce is
low, it reduces to Freundlich isotherm; while at high
concentrations, it predicts a monolayer adsorption

capacity characteristic of the Langmuir isotherm. The
general form of the SIPS isotherm is:[46]

qe ¼ qmKsCe
1=n= 1þ KsCe

1=n
� �

(9)

where Ks (1/mg) and qmax(mg/g) are the SIPS equili-
brium constant and maximum adsorption capacity
values. The SIPS isotherm equation is characterized
by the dimensionless heterogeneity factor, n, which
can also be employed to describe the system’s hetero-
geneity as n varies between 0 and 1.[47] When n is
unity, it implies a homogeneous adsorption process
approaching the Langmuir behavior. A nonlinear fit-
ting of the experimental data obtained in this work to
the SIPS model, Equation (9), is shown in Fig. 8.
Also, Table 3 lists the different SIPS parameters
obtained from the fitting. Clearly, the qm values indi-
cate that the adsorption capacity increases with
increasing solution pH, in concert with our earlier
findings. In addition, the values of the SIPS para-
meter, n, obtained in this work were close to unity,
as seen in Table 3. This strongly suggests
a homogeneous adsorption process, in agreement
with our previous discussion that the adsorption fol-
lows Langmuir isotherm.

Adsorption thermodynamics

Temperature has been recognized as an important
parameter governing the adsorption process.[13,41]

Understanding the effect of temperature is not only
needed to construct the adsorption mechanism but
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Figure 8. Non-linear fitting for SIPS isotherms of ALZ onto NP’s at different pH values. Shaking time = 4 hrs, amount of adsorbent =
15 mg, shaking speed 130 rpm, 250C.
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also to obtain some important thermodynamic para-
meters such as the standard Gibbs free energy, enthalpy
and entropy changes accompanying adsorption.[48]

Needless to say, changing the temperature may affect
the equilibrium adsorption capacity of the adsorbent.
For instance, the adsorption capacity will decrease
upon increasing the temperature for an exothermic
reaction, while it will increase for an endothermic
one.[15]

In this study, the adsorption of ALZ dye on NPs was
studied at the temperatures of 298, 313, and 328 K, the
results are illustrated in Fig. 9.

As seen, the amount of ALZ adsorbed decreases as
the temperature increases. This decrease in ALZ
removal suggests that the adsorption of ALZ onto the
NP’s surface is an exothermic process. This behavior
was an object of discussion in several studies. Alkan
et al.,[49] reported that decreasing the adsorption with
increasing temperature is mainly due to the weakening
of adsorptive forces between the active sites of adsor-
bent and adsorbate species. So that, the adsorption of
ALZ onto γ-Fe2O3 NPs decreases which in turn affect
the removal efficiency of ALZ from wastewater sources.

Similar observations were also discussed in the works of
Juang et al.,[50]and Nassar.[6] Further insight towards
the sorption mechanism will be discussed in Section 3.6

The experimental data obtained at a different tem-
perature from Fig. 9 were analyzed to determine the
thermodynamic parameters, such as the standard Gibbs
free energy (ΔG°), standard enthalpy (ΔH°), and stan-
dard entropy (ΔS°) of adsorption. The importance of
determining these parameters is not limited to describ-
ing the nature of adsorption, but also in providing the
knowledge required to construct the adsorption
mechanism.

The thermodynamic parameters, ΔG°, ΔH°, and ΔS°
were calculated by the following equations:

ΔG� ¼ ΔH� � TΔS� (10)

ΔG� ¼ �RTlnK (11)

lnK ¼ �ΔH�

RT
þ ΔS�

R
(12)

where T is the temperature in Kelvin, R is the ideal gas
constant (8.314 J/mol K), K is the equilibrium constant
(dimensionless), which can also be expressed as
KL � Cs, where KL is the equilibrium Langmuir con-
stant (L/mmol) and Cs is the solvent molar concentra-
tion (mM).

The values of ΔS° and ΔH° can be determined by
plotting lnK versus 1/T as presented in Fig. 10. From
the slope and intercept in the figure, ΔH° and ΔS° were
calculated using Equation (12). The thermodynamic
parameters ΔG°, ΔH°, and ΔS° were estimated at -6.79
kJ/mol, -27.82 kJ/mol, and -70.98 J/mol.K, respectively.

Table 3. Fitting parameters for the SIPS model at different pH
values.

SIPS constants

pH Ks 1/n n qm R2

8.0 2.647 0.925 1.081 10.313 0.970
9.0 2.112 0.935 1.069 11.359 0.968
10.0 1.780 0.975 1.025 17.108 0.980
11.0 1.306 0.932 1.072 23.325 0.990
12.0 0.807 0.948 1.054 28.563 0.994
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Figure 9. Adsorption isotherms of ALZ onto NPs at different temperatures. Shaking time = 4 hrs, amount of adsorbent = 15 mg,
shaking speed 130 rpm.
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The negative ΔG° and ΔH° values obtained in this work
indicate that the adsorption ofALZdye onto the Fe2O3NPs
is exothermic and spontaneous at room temperature. This
explains why the adsorption was favored at low tempera-
tures as we discussed earlier. The negative value of ΔS°
value, -70.98 J/mol K indicates that the randomness
decreases at the NPs interface as adsorption proceeds as
expected, which adds a driving force for the negativeGibbs-
free energy and the spontaneity of the adsorption.
However, the small magnitude of ΔG° indicates a weak
adsorptive force between the active sites of adsorbent and
the ALZ dye. According to Yu et al.,[51]ΔG° values between
−20 and 0 kJ/mol correspond to physisorption while that
with values between −80 and −400 kJ/mol corresponds to
the chemisorption process. The relatively small ΔG° value
obtained in this study strongly suggests a physisorption
process for ALZ dye. Furthermore, several studies related
the standard enthalpy of adsorption (ΔH°) to the nature of
the adsorption process. For instance, Bride et al.[52] sug-
gested that a value of ΔH° lower than 40 kJ/mol corre-
sponds to a physisorption. The ΔH° value obtained in this
study (-27.82 kJ/mol) supports our conclusion that the
adsorption process of ALZ dye on Fe2O3 NPs is
a physisorption process.

FTIR investigation of NPs adsorbents

In order to have a close look at the adsorption mechan-
ism, an FTIR characterization was performed on the
pure ALZ dye, along with the Fe2O3 NPs before and
after adsorption, as detailed in the experimental sec-
tion. Figure S2-a in the supplementary information
section presents the FTIR spectra for pure γ- Fe2O3

NPs. As seen, the spectrum shows no major peaks in
the region 1000–4000 cm−1, which confirms that the
NPs surface is free from any organic contamination
prior to adsorption. The FTIR spectrum for pure ALZ
dye is shown in Figure S2-b. The IR peak around
1630 cm−1is assigned to aromatic C = C stretching
vibration.[53] The peak around 1660 cm−1 corresponds
to carbonyl C = O bond stretching vibration.[53] The
broad peak at 3370 cm−1 is assigned to phenolic
O-H group stretching. The strong peak at 1290 cm−1

can be attributed to C = C stretching within the aro-
matic structure of ALZ, and the peak at 1450 cm−1 can
also be attributed to phenolic O-H group bending.[53]

After adsorption, the NPs were filtered, washed, and
dried. An FTIR spectrum for contaminated NPs was
collected and is shown in Figure S2-c. It is clear that
there are no major differences between the two spectra
of the Fe2O3 NPs before and after adsorption. This
confirms our previous finding that the adsorption of
ALZ on the NPs surface is a physical phenomenon that
is ruled by weak attractions, rather than strong chemi-
cal interactions between the NP adsorbent and the ALZ
adsorbate molecules. Furthermore, the retain of the
O-H peak at 3370 cm−1after adsorption indicates that
the OH functional group is the one that responsible for
the electrostatic attraction between negatively charged
adsorbate molecules and positively charged adsorbent
active sites.

Mechanism of sorption

In the previous sections, the results of different envir-
onmental parameters on the adsorption of ALZ dye
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Figure 10. Determination of thermodynamic parameters for the adsorption of ALZ onto Fe2O3 NPs.
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were presented. It was determined that that adsorption
is pH dependent and the % removal increases with pH.
This observation is in contradiction with previous stu-
dies on some organic dyes. For instance, in his study on
the adsorptive removal of acid red using γ-Fe2O3 NPs,
Nassar[6] found that the adsorption efficiency drops
with increasing pH. Also, Fayazi et al.[23] found that
the removal efficiency of ALZ red S (ARS) using acti-
vated carbon/γ-Fe2O3 nano-composite was also
decreasing with increasing pH. Gholivand et. al.
reported the same observation on their study on ARS
and AYR as well.[25] To explain this contradiction, we
propose the sorption mechanism in Scheme 1. In con-
trast to the anionic dyes, Acid red, ARS and AYR, the
parent ALZ molecular structure contains two hydroxyl
(-OH) groups that makes it a weak acid. The first
deportation step takes place in acidic medium (pKa1 =
5.3)[54] followed by the loss of another proton at higher
pH (pKa1 = 11.5).[54] As inspired by Pirillo et. al.[54],
both alizarin anions, I and II, are able to interact with
the Fe2O3 NP surface via hydrogen bonds (Scheme 1),
One can argue that the parent ALZ molecule can also

interact via H-bonding through its two – OH groups.
However, and as we mentioned earlier, the solubility of
ALZ in acidic medium is very low, mostly due to its
large aromatic system. ALZ is more soluble in the basic
medium due to its transformation to the anionic forms,
I and II, as illustrated in Scheme 1. This explains why
ALZ adsorption on the γ-Fe2O3 surface is low in acidic
media.

It is noteworthy to mention that the enhanced
adsorption of ALZ on Fe2O3 surface at high pH is in
concert with methyl violet (MV) adsorption on the
same adsorbent. In their 2016 study, Tong et al.
explained this behavior by the fact that MV is
a cationic dye, and deprotonation at higher pH leads
to stronger attraction with the Fe2O3 surface.

[55]

It is well known that the γ-Fe2O3 surface is nega-
tively charged at pH > 6.5, which is the point of zero
change.[32] Since the two anionic forms, I and II, bear
also negative charges, one can argue that the repulsion
forces between the surface and the ALZ anions should
hinder the adsorption process at higher pH values. This
dilemma can be clarified by the fact that ALZ

Scheme 1. Proposed mechanism for the sorption/desorption of Alizarin dye.
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adsorption is of physisorption nature. Earlier in Section
3.4, the adsorption was found to be exothermic and
ruled by physical (physisorption) forces rather than
chemical ones. In such a case, weak physical attractions
overcome electrostatic bonding.

Finally, the adsorption was shown to follow the
Langmuir model (Section 3.3). This infers
a homogeneous, and monolayer coverage on the active
sites. The fact that the molecules of the two negatively
charged anions, I and II, are unable to attract each
other’s through with electrostatic forces, explains this
Langmuir behavior. Once the first adsorption layer is
formed, the molecules would not be able to aggregate to
form a second or third layer.[41]

Finally, Scheme 1 suggests that the presence of
excess H+ ions will recycle the two anionic forms,
I and II, back to the neutral ALZ molecule. This should
desorb the ALZ from the iron oxide surface and. At the
end of this paper, we show that this is indeed possible
and a strong acid, such as HNO3, can be used to
regenerate the catalyst surface.

Regeneration of adsorbent

Based on the above results, we foresee adsorption as
a promising process for the removal of Anthraquinone
dyes, resembled by ALZ, from wastewater. The adsorp-
tion process was proven to be simple, clean, efficient,
and utilizing low-cost γ-Fe2O3 nanoparticles. In order
to make this process more environment-friendly, the
regeneration of the adsorbent is a necessity that

determines the cost-effectiveness and the reuse of the
adsorbent.

In the previous section, we showed that the adsorp-
tion of ALZ dye to γ-Fe2O3 NPs surface is physical.
That is the adsorptive forces between adsorbent and
adsorbate are weak and can be broken easily. This
facilitated the regeneration process and make is it fea-
sible. Also, it was shown that the adsorption is highly
pH dependent, and the removal efficiency improves as
the solution becomes more basic. Consequently, the
desorption of ALZ can be carried out by decreasing
the pH of the solution. This suggests that washing the
contaminated NPs with an acidic solution is helpful in
their regeneration. In this study, we separated and
washed the Fe2O3 NPs with dilute solutions of NaOH,
and HNO3. The regenerated NPs were used again for
another adsorption cycle. Figure 11 shows the removal
efficiency as a function of NaOH or HNO3 concentra-
tion. As seen, the efficiency of NPs after regeneration
using HNO3 is higher than that of NaOH. Also, the
results revealed that the efficiency of the regenerated
NPs has increased as the HNO3 concentration becomes
lower. This result can be rationalized on entropy bases.
As the concentration of HNO3 becomes more diluted,
the difference in entropy (ΔS) between the adsorbed
dye species and the bulk solution increases. This creates
the driving force for more ALZ species to escape the
NPs surface into the bulk solution.

Using a diluted solution of 10 mM HNO3, the max-
imum numbers of adsorption-desorption cycles were
investigated. As shown in Fig. 12, the regeneration
was successful up to four successive removal cycles
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Figure 11. Removal efficiency of NP after regeneration using different concentrations of NaOH and HNO3 solutions at a fixed initial
concentration of ALZ:12 mg/L, pH = 11, shaking rate: 130 rpm, shaking-contact time: 4 h, 25°C.
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with an efficiency higher than 80%. After that, the
removal efficiency drops to 40%.

Effect of UV-light

The concept of nanosorbcat, a nano-adsorbent that
works as a catalyst, introduced earlier in the introduc-
tion, involves a selective adsorption of the pollutant on
a nano surface, followed by upgrading into valuable
commodity or fuel.[5,56] We tested the catalytic activity
of the γ-Fe2O3 NPs as potential nanosorbcat by

studying the adsorption of ALZ dye under direct and
indirect sunlight, and under UV light, as detailed in the
experimental section. Figure 13 illustrates the results of
this study. It is clear from the figure that removal
efficiency has increased from ca. 60% to >95% when
UV light was used. In addition, the efficiency was as
low as 40% in the dark. This proves that UV light has
enhanced the removal efficiency of ALZ dye by the Fe2
O3 NPs. Although the energy band gap in Fe2O3 NPs is
estimated at 2.2 eV, which corresponds to absorption in
the visible region of the spectrum (560 nm). The
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Figure 12. Reusability of Fe2O3 NPs for adsorption/desorption of ALZ during six adsorption-desorption cycles using 10 mM HNO3.
Initial concentration of ALZ: 12 mg/L, amount of adsorbent:15 mg, pH = 11, shaking rate: 130 rpm, shaking-contact time: 4 h, 25°C.
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Figure 13. Effect of UV-light on adsorptive removal of ALZ onto γ-Fe2O3 NPs. Initial concentration of ALZ: 24 mg/L, amount of
adsorbent:15 mg, pH = 11, stirring time: 2 h, 25°C.
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enhanced activity of the nanoparticles when the UV
lamp was used is attributed to both the high intensity
and frequency of photons generated by the UV light.

The results obtained in this work agree well with
a recent study by Saeed et al.,[57] where photodegrading
of ARS dye was also enhanced in basic medium. The
authors denoted this to the possible increase to the
OH• radicals formed at high pH. It is noteworthy to
mention that OH• radicals play the essentials role in
the photodegradation reactions of organic
compounds.[57–62]

Conclusions

This study showed that γ-Fe2O3 NPs could be used as
both a nanoadsorbent and a catalyst (nanosorbcat) for the
adsorptive removal of ALZ dye from an aqueous solution
within short contact time with nearly complete removal.
The effect of various parameters were investigated and the
results showed that the adsorption process was dependent
on the amount of γ-Fe2O3 NPs, contact time, solution pH,
and temperature. The adsorption efficiency was shown to
increase with higher amount of adsorbent. A proposed
sorption mechanism explains this observation by the fact
that ALZ is slightly soluble in acidic medium, and the
formation of anionic structures at high pH. Maximum
removal was obtained at pH = 11 with a maximum
adsorption capacity (qm) of 23.2 mg/g. A UV-light irra-
diation increased the adsorptive removal without affect-
ing the magnetic properties and adsorption capacity of γ-
Fe2O3. This result confirmed the catalytic properties of
the γ-Fe2O3 NPs. The adsorption equilibrium was also
investigated and described by Freundlich, Langmuir, and
SIPS models. The adsorption data were shown to fit the
Langmuir isotherm indicating a homogenous coverage.
A comparison of kinetic models on the overall adsorption
rate showed that ALZ dye/γ-Fe2O3 adsorbent system was
best described by the pseudo-second-order rate model.
The thermodynamic study of ALZ adsorption onto the γ-
Fe2O3 indicated that the process is exothermic, and spon-
taneous at room temperature. The physisorption nature
of the adsorption process indicated that weak interactions
exist between the adsorbent and adsorbatemoieties. Thus,
a desorption and regeneration process is feasible. Hence,
regeneration studies were carried out using HNO3 and
confirmed that the γ-Fe2O3 can be reused up to four
cycles. In conclusion, γ-Fe2O3 NP are proven to be effec-
tive and inexpensive adsorbents and their regeneration is
simple. The results obtained in this work confirm that the
adsorption process using γ-Fe2O3 nanosorbcats is effi-
cient, simple, and cost-effective and can be easily scalable
industrial level.
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