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a b s t r a c t
Wastewater from textiles and other industries containing dyes pose a serious health hazard. To 
address the issue, the present study reports the removal of a toxic Congo red (CR) from water by a 
non-toxic iron-zirconium mixed binary metal oxide (IZO) as adsorbent. The material was prepared by 
a controlled co-precipitation method under mild basic condition and isolated in an 85% yield. It was 
characterized using Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy, 
Brunauer–Emmett–Teller (BET) surface area and powder X-ray diffraction. High BET surface area 
(200.307 m2 g–1) supports an excellent adsorption capacity of 171 mg g–1 at pH 6. FTIR shows the 
presence of hydroxyl moieties along with surface water. The influence of adsorbent dose, contact time, 
pH, agitation speed, temperature, and concentration were optimized. The adsorption follows pseudo-
second-order kinetics (R2 = 0.998) and is best described by the Langmuir isotherm model (R2 = 0.988). 
Negative free energy change suggests a spontaneous process. Co-existent ions impart moderate 
competitive inhibition to the adsorption process. 78% regeneration was achieved with sodium 
hydroxide solution. IZO retains its efficiency up to five cycles. Designed column experiments show 
that under the optimized condition of a column comprised of 4 cm bed height, 2 L dye discoloration 
was successful. The breakthrough was analyzed by Thomas, Yoon–Nelson, and Adams–Bohart model. 
Column run follows Thomas and Adams–Bohart model. High application potential, low cost, and 
reusability of the IZO make it a promising adsorbent for the removal of CR from contaminated water.
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1. Introduction

The scarcity of drinking water due to the rapid growth 
of population and increased industrialization is of major 
concern these days [1]. Dyes are used in industries includ-
ing but not limited to textile, paint and pigment, food and 
beverage, plastic, paper, cosmetics and pharmaceuticals 
[2–4]. Effluent from different industries causes several dis-
eases such as organ damage, hemolysis, respiratory disor-
ders, hypertension, etc. [5]. Dye contaminated water slows 
down photosynthesis, hinders solar light penetration and 

stops re-oxygenation capacity, thereby affecting the aesthetic 
of water resources [6,7]. Industrial discharge without proper 
treatment causes irreparable damage to the crops and liv-
ing beings, both aquatic and terrestrial [8]. Dyes are highly 
water-soluble, toxic in nature, chemically stable to biodeg-
radation and photo-degradation [9,10]. Congo red (CR) is 
well-known to cause an allergic reaction and to metabolize to 
benzidine, a human carcinogen [11]. Thus, need has emerged 
to remove such dyes from contaminated water. Removal of 
dyes from contaminated effluent is mainly categorized into 
three methods: physical, biological and chemical methods. 
These methods include photo-catalysis, anaerobic treatment, 
membrane filtration, coagulation, oxidation, biosorption, 
and adsorption. Among all the methods, the physical method 
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is easier and cost-effective; the adsorption process belongs to 
this method [12–15].

Various types of adsorbents (chemisorbent and biosor-
bent) and ion exchangers are developed for the removal of 
dyes. Biosorbents from agricultural and forestry waste mate-
rials were used for large scale dye removal due to their low 
cost and availability. Several researchers have introduced 
different low-cost bio-sorbent such as different tree bark 
powder, coconut shell activated carbon, cellulose, raw pine, 
and acid-treated pine cone, mahua seed, wheat shells, and 
bagasse, etc. These low-cost biosorbents were used exten-
sively for dye removal from wastewater [16–18]. Macroalgae 
were also used as promising bio-sorbent [19].

Recently, clay is being used as a low-cost adsorbent, 
which is naturally available and is environmentally friendly 
in nature. Non-toxic nature and high surface areas are favor-
able for the removal of dyes from effluents. Acid modified 
clay enhances the rate of adsorption, porosity and surface 
area [20–25].

Lignin and its derivatives used as scavenger intended for 
its structural complexity bearing hydroxyl, carbonyl, carboxyl, 
and other active groups enhance the adsorption capacity 
[26,27]. Polymeric, metal coordinated xerogel was investigated 
for the elimination of wastewater containing sulfonic dyes. 
Heterocyclic thiadiazole compounds make available excellent 
binding sites to form coordination complexes with Cu(I), 
Cu(II), Zn(II), which demonstrate as a good adsorbent [28]. 
Cellulose advances its adsorption capacity after chemical 
modification as a result of preamble functional groups on the 
surface [29]. It has been shown that weakly and strongly basic 
anion exchanger resins exhibit good adsorption properties. 
Researchers had used polystyrene-based anion exchanger 
resin amberlite IRA-938 for the removal of rose bengal dyes 
from aqueous solutions [30].

Recently Fe3O4-bis(trimethoxysilylpropyl) amine was 
tested for dye adsorption, and the mechanism showed that 
electrostatic force of attraction and hydrogen bonding are 
driving force for the interaction [31]. TiO2 nanoporous elec-
trode was used for dye adsorption in a fabricated process 
by dye-sensitized solar cells [32]. Copper complexes were 
synthesized which have attractive architectures and poten-
tial applications in adsorption [33]. Currently, different metal 
oxides, mixed metal oxides, and their composites are in use 
for removal of contaminants from wastewater [34–37].

Metal-organic frameworks have attracted attention 
because of its properties like ultra-high surface area, sur-
face charge, tunable pore, and are applicable in adsorption 
of dyes. Hydrophobic interactions, π–π interaction and elec-
trostatic attraction govern the adsorption process. Zeolitic 
imidazole framework has excellent chemical and thermal sta-
bility properties showing the adsorption of dyes from aque-
ous solution [38]. Carbon nanotube-based magnetic hybrids 
were used as an adsorbent. It has good magnetic properties, 
dispersibility, and tremendous adsorption capacity. The 
magnetic graphene and magnetic carbon nanotube achieve 
adsorption of dyes from contaminated water [39]. Spinel 
like Co3O4/TiO2/GO and a composite material of TiO2 and 
alum sludge photo-catalytically degrade toxic organic com-
pounds from water [40,41]. Adsorption properties of ZnS/
SnS/A-FA [42] and LaFeO3 doped mesoporous silica shows 
a unique fine pore, in this pore large organic molecule, are 

transported and reach the active site for catalytic degradation 
and adsorption [43]. Researchers developed a nanostructure 
TiO2/SnO2 binary metal oxide for photolytic degradation of 
dye [44]. Metal oxide and mixed metal oxides are also used 
as adsorbent [45]. High adsorption capacity is shown in the 
zirconium composite [46]. Currently, cadmium oxide, guar 
gum/copper oxide, trimetallic composite, and cobalt-zinc 
ferrite have been explored by Pathania et al. [47,48], Sharma 
et al. [47,48], and Tatarchuk et al. [49,50] for removal of dyes 
and heavy metals from the aqueous phase [51]. Karthik 
et al. [52] and Mironyuk et al. [53–55] have synthesized NiO 
nanoparticle, mesoporous titania for removal of pollutants 
from contaminated water [56].

Ternary metal oxide adsorbent brought high surface 
area, availability of active atom on the surface of metal oxide 
adsorbent, high stability and regeneration capacity [57]. 
We have recently demonstrated the removal of methylene 
blue using a composite material made up of metal oxide 
fabricated ethylene diamine composite [58].

The present work reports the synthesis of iron-zirconium 
mixed metal oxide by the co-precipitation method as a scav-
enger of CR. Batch, adsorption kinetics, isotherm, thermody-
namics, and fixed-bed column studies were conducted to get 
a comprehensive idea of the dye uptake.

2. Experimental section

2.1. Materials and methods

Analytical grade reagents were used for all work. Solu-
tions were prepared in double distilled water. Zirconyl oxy-
chloride (ZrOCl2·8H2O, Spectrochem, Mumbai, India), ferric 
chloride (FeCl3·4H2O, Merck, Mumbai, India), hydrochlo-
ric acid ammonia (Fischer Scientific, Mumbai, India) was 
used as received. CR was purchased from Merck (Mumbai, 
India). The absorbance of solutions was recorded in a Hitachi 
double beam UV-Vis spectrophotometer (model U-2900, 
Japan) at 494 nm. UV-solution program was used to calcu-
late concentrations. Fourier-transform infrared spectros-
copy (FTIR) spectra were analyzed in a Perkin Elmer spec-
trophotometer (model spectrum II, Massachusetts, USA). 
Morphological analysis was carried using scanning electron 
microscopy (SEM) in a Jeol JSM-6390LV (Tokyo, Japan). 
Powder X-ray diffraction (XRD) pattern was determined 
in AXRD proto benchtop. Rotary orbital shaker (Sohag, 
New Delhi, India) was used for all batch experiments. The 
pH of solutions was carried out with the help of pH meter 
(Systronics, Kolkata, India). Remi-bench top centrifuge 
(R-8 M, Kolkata, India) was used for centrifugation.

2.2. Synthesis of binary metal oxide (IZO)

The mixed binary oxide was synthesized through the 
co-precipitation method. 3.22 g (0.1 M) zirconyl oxychloride 
octahydrate and 1.62 g (0.1 M) ferric chloride tetrahydrate 
was separately dissolved into 100 mL HCl solution. Both 
were then mixed with continuous stirring. 0.5 M NH4OH was 
added dropwise till the pH reached 6 and stirred continu-
ously for 3 h. The resulting dark brown precipitate was left 
overnight for aging. The precipitate was filtered and washed 
with water several times to remove the untreated substances 
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and was dried in an oven at 65°C for 20 h. The IZO binary 
oxide adsorbent thus obtained was cooled, ground and 
sieved (80–160 mesh). Finally, the adsorbent was preserved 
in desiccators for further use. Scheme 1 outlines synthesis, 
batch run, and regeneration.

IZO was characterized by pHzpc, FTIR, SEM, powder XRD 
and thermogravimetric analysis (TGA).

2.3. Batch adsorption experiments

The adsorption experiments were performed in an orbital 
shaker in batch mode. The stock solution of 1,000 mg L–1 CR 
was prepared in de-ionized water and used further to pre-
pare solutions of desired strength. All results are an average 
of five sets.

In each experimental setup, 0.05 g IZO was added to 
50 mL of 10 mg L–1 CR solution in LDPE bottles. The opti-
mum pH was set and shaken at 120 ± 5 rpm for 120 min to 
find out the equilibrium time of adsorption. The solution 
was then centrifuged at 5,000 rpm for 5 min. Absorbance was 
recorded in a UV-vis spectrophotometer. Percentage adsorp-
tion and adsorption capacity was determined using Eqs. (1) 
and (2), respectively.

E
C C
C

e% =
−( )

×0

0

100  (1)

q C C V
me e= −( )×0  (2)

where E% = adsorption percentage, qe = adsorption capacity 
at equilibrium (mg g–1), C0 and Ce are initial and final concen-
trations (mg L–1) respectively, V is the volume (mL) of solu-
tion taken and m (g) is the weight of adsorbent used.

Optimization of physicochemical parameters such as 
contact time, pH, initial concentration of dye, temperature, 
and adsorbent dose was done systematically.

The zero point charge of the adsorbent was measured by 
the pH drift method as follows: 500 ml of 0.01 M NaCl stock 
solution was prepared; 100 mg of IZO was added to 50 mL 
NaCl solution, with pH range 2–11. After shaking for 24 h 
at 120 ± 5 rpm at room temperature the final pH of the NaCl 
solution was measured and was plotted against the initial pH. 
At a particular pH, the surface becomes neutral. Evaluated 
pHzpc was found to be 6.66. The behavior of adsorbent over 
a pH range can be explained by a zero-point charge.

Five solutions were prepared with an optimized pH of  
5, 6, 7, 8 and 9 by adding 0.1 N HCl and 0.1 N NaOH. 0.05 g of 
IZO adsorbent was added to each bottle and kept in a shaker 
at room temperature at 120 ± 5 rpm for 40 min. The solutions 
were centrifuged and analyzed in a UV-Visible spectropho-
tometer to compare the effect.

For the kinetic study, 50 ml of 10mg L–1 CR solution of 
pH 6 were taken and 0.05 g of IZO was added to it. The 
solution was shaken in an orbital shaker for 30 min with a 
shaking speed of 120 ± 5 rpm. Aliquots were taken out at 
different time intervals of 3, 6, 9, 12, 15, 20, 25, and 30 min. 
Residual concentrations were measured and results were 
interpreted with various kinetic models (results and discus-
sion section).

For isotherm study; CR (50 mL) of different concentra-
tions of 2.5, 5, 7.5, 10, 12.5, and 15 mg L–1 were prepared 
from the stock solution and pH was adjusted to 6. 0.05 g 
of IZO adsorbent was added, shaken for 2 h. at 288, 298, 
and 308 K. Final concentrations were measured. Results 
were analyzed by Langmuir and Freundlich adsorption 
isotherms.

All thermodynamic parameters were evaluated as fol-
lows: CR solution of a concentration of 5, 10, and 15 mg L–1 
was prepared from the stock solution. Each 50 ml solution 
was adjusted at pH 6. 0.05 g of IZO was added and was 
shaken for 2 h at 288, 298, and 308K. Final concentrations 
were evaluated and analyzed with various models. Van’t 
Hoff plot was made.

Scheme 1. Synthesis of IZO, adsorption pathway and regeneration
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Dose variation was done as follows: 10 mg L–1 solution of 
CR was set at pH 6. To it, 0.05, 0.1, 0.15, 0.2, 0.25, and 0.30 g 
IZO was added and agitated for 40 min at shaking speed of 
110 ± 5 rpm. Final concentrations were measured.

For the input concentration effect, CR solutions (2.5, 
5, 7.5, and 10 mg L–1) were prepared from the stock solu-
tion. pH 6 was maintained; 0.05 g of IZO was added. After 
shaking under optimized conditions, residual concentrations 
were measured.

For interference test following concentrations were used 
to prepare model contaminated water: nitrate (5 mg L–1), chlo-
ride (200 g L–1), sulfate (200 mg L–1) and arsenate (0.05 mg L–1).

Regeneration and recovery were done as follows: After 
the batch experiment, dye loaded IZO was washed thor-
oughly with distilled water to remove adhering surface dyes, 
dried at 80°C and treated with the three different solutions 
namely 0.3 M of NaCl, NaOH and HCl solution for 5 h. 
Finally, solutions were centrifuged and leached dye concen-
tration was measured and percentage regeneration was cal-
culated. Regenerated material was neutralized with dilute 
hydrochloric acid till pH 6.5 was attained. Further experi-
ments for cycle efficiency were carried out. The leached dye 
was stored.

Continuous flow breakthrough experiments were exe-
cuted in a fixed bed glass column of 50 cm height and 0.85 cm 
internal diameter. Bed height was suitably adjusted by vary-
ing amounts of IZO. The known CR solution was pumped to 
the column in a down-flow by flow rate 6, 8, and 12 ml min–1. 
The effluents were collected in regular intervals and concen-
trations were measured.

Bed height of 3.2, 4.8 and 6.3 cm was varied with different 
influent concentrations 1, 5, and 10mg L–1 at different pH 5, 6, 
7, 8 and 9, respectively.

The maximum adsorption coefficient was estimated as 
follows: 50 mL of CR (500 mg L–1) was agitated with 0.5 g 
IZO under optimized condition. From residual concentra-
tion, the maximum adsorption capacity was estimated to be 
171 mg g–1.

3. Results and discussions

3.1. Characterization of adsorbent

3.1.1. Fourier-transform infrared spectroscopy

FTIR spectra were recorded in the range 4,000–400cm–1. 
The broad peak appeared at 3,381 cm–1 for free IZO. This 
is due to the O–H stretching. Upon adsorption, this peak 
was found to get shifted to 3,356 cm–1. Such a lowering of 
frequency confirms the interaction of IZO with CR. It is 
consistent with earlier reports [59]. The peak at 1,630 cm–1 
is due to the bending vibration of O–H. The vibrational fre-
quency corresponding to tetrahedral and octahedral cat-
ions of M–O bond were present in the range 550–600 cm–1 
and 390–400 cm–1 respectively [58]. The peak at 693 and 
490 cm–1 represent Zr–O and Fe–O stretching [60]. Upon 
adsorption, peak at 490 cm–1 gets shifted to 479 cm–1 due to 
the formation of weak hydrogen bonding between IZO and 
CR. Moreover, new peaks were found to appear at 2,800; 
1,122; and 990 cm–1 after dye adsorption. This indicates the 
presence of CR in loaded material. Weak bands around 
2,800 cm–1 represent aromatic C–H stretching originating 

from phenyl groups of CR. The peak at 1,122 cm–1 rep-
resents C–N stretch. The peak at 990 cm–1 represents C–H 
bending. Comparative FTIR of pure IZO and dye loaded 
one is presented in Fig. 1.

3.1.2. Scanning electron microscopy

SEM images of IZO (Fig. 2) represents that the adsorbent 
is porous in nature. The particles are heterogeneous, irreg-
ular in shape and found mostly in the micrometer range. 
Considerable numbers of pores can be seen. The IZO mate-
rials have pores on the surface having a large surface area. 
According to the surface of the volume ratio, there is a large 
surface for the adsorption of CR due to the porous surface 
area [19]. No significant changes were seen upon dye loading 
except the reduction of pores.

3.1.3. X-ray diffraction

Crystallinity and presence of various components can 
be assessed by powder XRD. Fig. 3 shows powder XRD of 
IZO. Notable peaks at 18° and 24° represents the presence of 
ZrO2 and Fe2O3 units (JCPDS card numbers: 81-1551, 39-1346) 
[61]. The material is micro-crystalline in nature. This is help-
ful in the column run since the problem of leaching out is 
minimized.

3.1.4. Thermogravimetric analysis

The thermal stability of the adsorbent was tested by 
TGA. It was observed that up to 80°, no decomposition takes 
place, which indicates the amiable stability of the adsorbent 
(Fig. 4). Further, a mass loss of 20% was observed, which may 
be attributed to the removal of surface water from the mixed 
metal oxide. However, this mass loss is attributed to the loss 
of physically adsorbed water [51,56]. The weight loss of IZO 
and the destruction of IZO materials was studied in the tem-
perature range from 30°C to 320°C. The second mass loss at 

Fig. 1. FTIR spectra of IZO; (a) before and (b) after adsorption 
of CR.
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a higher temperature may be due to loss of all bound water 
molecules and partial decomposition of the material [26].

3.1.5. Zero-point charge (pHzpc) and effect of pH

Adsorption is a pH dependent phenomenon and zero-
point charge helps in predicting precise mechanisms at 

various pH. Net surface charges are a useful parameter to 
estimate the nature of active centers on the adsorbent sur-
face. When pH > pHzpc, the adsorbent surface is negatively 
charged, which results in deprotonation. The surface becomes 
negatively charged. When pH < pHzpc, the adsorbent surface 
is positively charged. In that case, electrostatic interaction 
prevails. In the present case, pH < pHzpc, so IZO possesses 
a positively charged surface at working pH 6 (Fig. 5). Both 
cases are presented schematically below.

3.2. Batch experiments

3.2.1. Effect of pH

Solution pH is a very important factor for adsorption 
to take place. pH from 5–9 were tested to identify opti-
mum one. It was seen that the removal efficiency is rea-
sonably high at lower pH and decreases steadily with an 
increase in pH (Fig. 6b). At lower pH, the surface of the 

Fig. 2. SEM images of the adsorbent (a) before and (b) after adsorption.

Fig. 3. Powder XRD pattern of the adsorbent.
Fig. 5. Determination of zero point charge (pHzpc) of IZO.

Fig. 4. TGA plot of the adsorbent.
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IZO particles becomes positively charged. Also, the concen-
tration of H+ ion in solution is pretty high. The favorable 
electrostatic attraction with anionic CR accounts for high 
removal [26]. At high pH, the presence of a high concen-
tration of hydroxyl ions increases the negative charge on 
the IZO surface by deprotonation of the positively charged 
sites. Electrostatic repulsion with CR leads to a decrease in 
the adsorption [14,15]. In addition, an increased number 
of hydroxyl ions induces competitive inhibition with CR, 
thereby further decreasing adsorption efficiency. It is note-
worthy that CR gradually changes color below pH 5, hence 
not studied.

Solution pH determines the degree of electrostatic inter-
action between the adsorbent and adsorbate charge distribu-
tion on the materials [3–5,27]. The zero point charge of IZO 
was found to be 6.60. That means pHworking < pHzpc.

3.2.2. Effect of contact time

Equilibration time was estimated by varying contact 
time. The rate of adsorption was seen to be very high initially 
which became constant after 40 min (Fig. 6a). This can be 
explained by the fact that initially, the numbers of available 
pores are very large which allows adsorption to take place 
easily. With time, available active sites got saturated and no 
significant adsorption took place. Moreover, intermolecular 
repulsion between negatively charged CR molecules hinders 
further uptake onto the IZO surface. This is consistent with 
earlier observations [18,23–25,27].

3.2.3. Effect of initial dye concentration

The effect of initial dye concentration is given in Fig. 6c. 
With the increase in dye loading concentration, percentage 
adsorption decreases. This could be attributed to the fact that 
at a lower concentration of dye, there is a high driving force 
for mass transfer on the adsorbent surface [18,28]. Also, at 

a low dye/adsorbent ratio, higher sorption sites are avail-
able. Upon increasing ratio, active sites get saturated and the 
adsorbent surface becomes surrounded with a higher num-
ber of dye molecules. Repulsive interaction is responsible for 
reduced uptake [16].

3.2.4. Effect of adsorbent dose

The variation of the adsorbent dose is shown in Fig. 6d. 
The removal efficiency steadily increases with increasing 
dose. This is due to the availability of exchangeable sites at 
the surface [26].

3.2.5. Effect of interference

Commonly nitrate, sulfate, phosphate, chloride, arse-
nate and carbonate ions are present in groundwater. 
Wastewater from different industries contains co-existent 
ions. Interference was checked with maximum permissible 
concentrations of chloride, nitrate, phosphate, sulfate and 
arsenate. Approximately 20% decrease in dye uptake was 
noticed suggesting a strong inhibition. (Fig. 6e)

3.3. Kinetics studies

Adsorption kinetics gives an idea of adsorbent–adsorbate 
interaction, precisely the nature of the mechanism [17,27].

Adsorption kinetics for pseudo-first-order [Eq. (3)], pseu-
do-second-order [Eq. (4)], intra particle [Eq. (5)] and sec-
ond-order [Eq. (6)] were analyzed.

ln lnq q q k te t e−( ) = − 1  (3)

t
q k q

t
qt e e

=
( )

+
⋅
1

2 2

 (4)

Fig. 6. (a) Effect of contact time on adsorption, (b) Effect of pH on adsorption, (c) Effect of input concentration on the removal of Congo 
red by IZO adsorbent, (d) Effect of adsorbent dose on adsorption, and (e) Effect of interference on dyes uptake.
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q k t Ct = +id
0 5.  (5)

1 1
q q q

k t
e t e

t−( ) = + ⋅  (6)

where qe and qt (mg g–1) are the amount of CR adsorbed at 
equilibrium and at time t (min) respectively; k1 (min–1), k2 
(g mg min–1), kid (mg g min0.5), kt are rate constant of pseu-
do-first-order, pseudo-second-order, intraparticle diffusion 
and second-order, respectively.

It is known that adsorbate transport from bulk solution 
into the solid adsorbent phase goes through an intra-parti-
cle diffusion process, which is a predominately rate-limiting 
step [14]. The pseudo-second-order model was found to be 
the best fit (R2 = 0.998) (Fig. 7a and Table 1). This indicates 
that adsorption is predominantly chemisorptions. Non zero 
value of K and high value of qe in intraparticle diffusion sug-
gests that the rate-controlling step is chemical adsorption 
[17,26]. Boundary layer thickness also plays an important 
role in the mass transfer process. Relevant kinetic parameters 
are summarized in Table 1.

Fig. 7. Kinetic models of CR adsorption by IZO (a) pseudo-second-order, (b) pseudo-first-order, (c) second-order, and (d) intraparticle 
diffusion.

Table 1
Calculated kinetics models constant

Order qe (mg g–1)a Kb R2c

Pseudo-first-order 0.6881 0.036 min–1 0.844
Pseudo-second-order 6.845 0.2193 mg g–1 min–1 0.998
Second-order 0.7936 0.07799 mg g–1 min–1 0.842
Intraparticle diffusion 5.804 0.14908 mg g–1 min–0.5 0.840

aEquilibrium CR uptake/g of adsorbent
bKinetic constants
cCorrelation coefficient
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3.4. Adsorption isotherms

The study of isotherm models reveals a possible mode of 
interaction of the dye with the adsorbent surface as a func-
tion of concentration at a particular temperature. Langmuir 
and Freundlich models were studied Eqs. (7) and (8).

C
q Kq

C
q

e

e

e= +
1

max max

 (7)

ln ln lnq
n

C Ke e f= +
1  (8)

where Ce (mg L–1) is the equilibrium concentration, qe (mg g–1) 
is the amount adsorption per unit mass of the adsorbent, qmax 
(mg g–1) is the maximum amount of adsorbate adsorbed per 
unit mass, K is the Langmuir affinity constant (L g–1). qmax and 
K were estimated from the slope and intercept of linear plot Ce 
against Ce/qe, where qe (mg g–1) is the amount of CR adsorbed 
per unit weight at equilibrium, Ce (mg L–1) is the equilibrium 
concentration of the CR solution, Kf is the constant related to 
the adsorption capacity of the adsorbent. 1/n is the constant 
related to the adsorption intensity of the adsorbent.

Adsorption isotherms were studied at 288, 298, and 
308 K and presented in Fig. 8. Corresponding isotherm 
parameters (b, qmax, Kf, and n) are given in Table 2. Langmuir 
model assumes monolayer adsorption onto a homogeneous 
surface without any lateral interaction [14,19]. Freundlich 
models suggest the heterogeneous interaction in between 
the adsorbent and adsorbate [11–13,17]. In the present case, 
the Langmuir model was found to fit well (qe = 11.93 mg g–1, 
R2 = 0.988) which suggests homogeneous interaction between 
the dye molecules and the IZO surface takes place.

3.5. Thermodynamics studies

Thermodynamics parameters are essential for under-
standing the relation between adsorbate and adsorbent. 
Gibbs free energy (ΔG, kJ mol–1), entropy (ΔS, kJ mol–1) and 
enthalpy (ΔH, kJ mol–1) were estimated from the following 
equation [Eqs. (9)–(12)]. ΔS and ΔH are calculated using van’t 
Hoff linear regression analysis [ln (55.5 Kd) vs. 1/T] (Fig. 9) 
[55]. Enthalpy and entropy were calculated from the slope 
and intercept, respectively.

ln .55 5 1K S
R

H
R Td( ) = ∆ −
∆

⋅  (9)

∆ ∆ ∆G H T S= −�  (10)

∆ = − ( )G RT Kdln .55 5  (11)

K
q
Cd
e

e

=  (12)

where R stands for universal gas constant and Kd is the ratio 
of equilibrium uptake to concentration.

Thermodynamics studies provide important informa-
tion about the adsorption process, its feasibility, spontaneity 
and randomness/chaos at the sorbate-sorbent junction. It 
was observed that the adsorption favors at a lower tempera-
ture. For an exothermic process, van’t Hoff plot should have 
a positive slope, ΔH < 0, so –ΔH/R > 0. Negative enthalpy 
change (ΔH) indicates that the process is exothermic; there-
fore lower temperature promotes adsorption. Also, negative 
entropy change (ΔS) indicates decreased randomness of the 
solute solution interface during the adsorption process [62]. 

Fig. 8. Isotherm models: (a) Langmuir model and (b) Freundlich model.

Table 2
Selected isotherm parameters

Isotherm models T(K) T(K) T(K)

Langmuir 288 298 308
K (L mg–1)a 1.030 0.337 1.07
q0 (mg g–1)b 11.24 11.93 11.35
R2c 0.980 0.988 0.980

Freundlich 288 298 308
Kf (mg g–1)d 2.175 2.884 2.129
ne 1.241 1.479 1.990
R2c 0.936 0.986 0.983

aLangmuir constant related to sorption energy, L mg–1

bMaximum adsorption capacity, mg g–1

cCorrelation coefficient
dFreundlich constant related to adsorption, mg g–1

eFreundlich constant
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Considering adsorption to be a complex process, reduced 
adsorption at high temperatures might be due to the small 
amount of desorption. Selected thermodynamic parameters 
are given (Table 3).

3.6. Regeneration study

The desorption process helps to understand the mecha-
nisms of adsorption and the scope of recovery of the adsor-
bate as well as the adsorbent. 78% of regeneration was 
achieved with 0.3 M NaOH. Regeneration percentage was 
calculated using the Eq. (13):

R
C
C
t% = ×
0

100  (13)

where C0 and Ct are concentration before and after  adsorption, 
respectively. Cycle efficiency was measured and presented in 
Fig. 10.

3.7. Column study

Fixed bed column experiments were carried out to 
investigate the dynamic adsorption properties of IZO. 
After obtaining promising results from batch experiments, 
bench-scale column studies were performed by varying pH, 
input concentration, dose, and interference. For a model 
experiment, 4 g adsorbent was used to make the bed height 
of 3 cm in a glass column having an internal diameter of 
0.85 cm.

Fig. 11a–e shows the effects of various parameters in 
column run and selected column parameters are shown 
in Tables 4–6. Four fixed-bed column experiments were 
performed by varying concentration, pH, dose and inter-
ference. The internal diameter of the column is 0.85 cm. 1, 
5, and 10 mg L–1 dye solutions were prepared for concen-
tration variation. Different pH solutions of CR from 5–9 
were used for a fixed-bed column study. The treated run-
off was collected in a certain time interval. The bed volume 
was calculated (1 BV = πr2h) (Tables 4–6). After the first 

column run, the adsorbent was regenerated and reused for 
five cycles. Increasing concentration decreases dye uptake 
(Fig. 11b).

The change in pH affected the saturation rate and adsorp-
tion capacity of the dye (Fig. 11a). Fig. 11c shows the effect 
of varying doses on adsorption. It gives consistent results as 
batch experiments. Moderate interference was noticed in the 
column (Fig. 11d). The effect of the flow rate was presented 
in Fig. 11e.

3.8. Breakthrough study

Breakthrough studies were conducted to ascertain the 
column behavior of dye in a fixed bed.

With increasing pH, the highest result was obtained at 
pH 6 followed by a decrease (Fig. 12a). This is because at pH 
6, the surface of IZO contains a large no of active sites [63].

Three different flow rates of 12, 8, and 6 ml min–1 were 
chosen for the estimation of a breakthrough. A higher flow 

Fig. 9. Van’t Hoff plot.

Table 3
Thermodynamics parameters for CR adsorption

Concentration (mg L–1)a T(K)b ΔG (J mol–1)c ΔH (J mol–1)d ΔS (J mol–1 K–1)0e

5 288 –13.312 –46.3922 –0.114
298 –12.402
308 –11.259

10 288 –11.885 –38.825 –0.095
298 –11.746
308 –10.319

15 288 –12.259 –59.611 –0.164
298 –11.457
308  –9.438

aConcentration of CR mg L–1

bTemperature in K
cChange in Gibbs free energy
dChange in enthalpy
eChange in entropy
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rate leads to a faster saturation leading to an early break-
through (Fig. 12b). Such events are found consistent with 
reported ones [64]. The effect of concentration is presented 
in Fig. 12c.

To know the effect of bed height on breakthrough, three 
different heights 3.2, 4.8 and 6.3 cm were chosen. As the bed 
height increases the dye solutions have more contact with the 
adsorbent leading to higher dye removal (Fig. 12d) [65].

The successful design of a column adsorption requires 
the prediction of a concentration-time profile. In order 
to explain fixed-bed column behavior Thomas, Yoon–
Nelson and Adams–Bohart models were tested using 
Eqs. (14)–(16) [66].

ln
C
C

K q m
Q

K C t
t

0 0
01−









 = −TH

TH  (14)

where KTH is the Thomas kinetics coefficient (mL min–1 mg–1), 
t is the total flow time (min), Q is the volumetric flow rate 
(mL min–1), q0 is adsorption capacity (mg g–1) and m is mass 
(g) of the adsorbent. The plot of ln(C0/Ct – 1) vs. t gives KTH 
and q0. Selected Thomas parameters are given in Table 7.

ln
C

C C
K t Kt

t0 −









 = −YN YNτ  (15)

where τ is the time required for 50% adsorbate break-
through (min), t is the sample time (min), KYN in the rate 
constant(min–1). KYN and τ were obtained by plotting  
ln (Ct/C0 – Ct) vs. t. Selected parameters are given in Table 8.

ln
C
C

K C t K N Z
U

t

0
0 0

0









 = −AB AB  (16)

where C0, Ct are influent and effluent concentration (mg L–1) 
respectively, KAB kinetic constant (L mg–1 min–1) for Adams–
Bohart model, N0 is the saturation concentration (mg L–1), t is 
the flow time (min), Z is the bed depth of the column (cm), U0 
is the superficial velocity (cm min–1). The plot of ln(Ct/C0) vs. 
t gives the value of KAB and N0 (Table 9).

Column data was fitted to the Thomas model to deter-
mine Thomas’s rate constant and maximum adsorption 
capacity. As the input concentration was increased, qe was 
increased but KTH is decreased. The driving force for adsorp-
tion is the concentration difference between the solid and 
solution phases.

The column data were fitted with the Thomas model to 
determine the maximum solid-phase adsorption coefficient 
and Thomas rate constant KTH. Values were obtained using 
nonlinear regression analysis. R2 ranged from 0.991 to 0.999, 
indicating that the correlation of Ct/C0 and t is significant.

From Table 7, it is evident that the increasing con-
centration leads to an increase in Thomas constant but q0 Fig. 10. Cycle efficiency of IZO.

Fig. 11. Throughput volume passed of Congo red by IZO adsorbent (a) at different pH, (b) at different concentrations, (c) at a different 
dose, (d) at interference, and (e) effect of flow rate.
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value decreases. This is due to the reason that the driving 
force for such adsorption is the concentration difference 
between the dye on the adsorbent surface and the dye in 
the solution.

When the bed height was increased from 3.2 to 6.3 cm, 
q0 increased but KTH decreased. This was due to the higher 
contact time between the adsorbate and adsorbent.

When pH was raised from 5–9, q0 value decreased 
while KTH value increased. This was due to the presence of 
the hydroxyl group in basic medium. When the flow rate 
increased, the adsorption capacity was increased, hence rate 
constant value decreased (Han et al. [66])

Yoon–Nelson model was applied to investigate the 
breakthrough behavior of CR on IZO. The rate constant 
value and time required for 50% CR breakthrough was 
obtained which is given in Table 8. With increasing flow 
rate, rate constant was found to increase and 50% break-
through time (τ) was found to decrease. With bed height 
increasing, τ was found to increase with a decrease in rate  
constant KYN.

The Adams Bohart adsorption model was applied to the 
data for the description of the initial part of the breakthrough 
curve. It gives the parameters maximum adsorption capacity 
(N0) and kinetic rate constant (KAB). The KAB value increased 
with the increase in the flow rate, but it decreased with bed 
depth and concentration. This means that the overall system 
kinetics was dominated by external mass transfer in the ini-
tial part of the adsorption [67].

3.9. Mechanism of adsorption

Adsorption studies provide information about the 
adsorption mechanism based on kinetics and isotherms 
studies [10]. The proposed mechanism is presented (Fig. 13). 
IZO contains a large number of hydroxyl moieties attached 
to metal centers. Below pH 7, the presence of protons makes 
the surface positively charged which favors hydrogen 
bonding and other weak interactions with the anionic dye 
molecule. Table 10 is shows the comparison of adsorption 
capacities of different dyes.

Table 4
Selected column parameters with varying pH

Ph C0 (mg L–1)a Q (mL min–1)b Z(cm)c Amount(g) Bed volumed

5 5 8 3 4 953
6 5 8 3 4 1,073
7 5 8 3 4 925
8 5 8 3 4 489
9 5 8 3 4 276

aInfluent CR concentration, mg L–1.
bvolumetric flow rate, mL min–1.
cBed depth of column, cm.
dBed volume (1 BV = πr2h = 1.815 cm3)

Table 5
Selected column parameters with varying input concentrations

C0 (mg L–1)a Q (mL min–1)b Bed height Z (cm)c pH Amount (g) Bed volumed

1 8 3 6 4 2,236
5 8 3 6 4 1,069
10 8 3 6 4 561

aInfluent CR concentration, mg L–1

bVolumetric flow rate, mL min–1

cBed depth of column, cm
dBed volume (1 BV = πr2h)

Table 6
Selected parameters with varying dose and height

pH C0 (mg L–1)a Q (mL min–1)b Z (cm)c Amount (g) Bed volumed

6 5 8 3.2 4.25 964
6 5 8 4.8 6 744
6 5 8 6.3 8 716

aInfluent CR concentration, mg L–1

bVolumetric flow rate, mL min–1

cBed depth of column, cm
dBed volume (1 BV = πr2h)
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4. Conclusions

Facile synthesis of iron zirconium binary oxide (IZO) 
was achieved by a controlled co-precipitation method in 
good yield. IZO was characterized by FTIR, SEM, powder 

XRD, Brunauer–Emmett–Teller surface area, TGA and pHzpc. 
High surface area (200.307 m2 g–1) accounts for excellent dye 
adsorption. FTIR shows the presence of active –OH groups 
responsible for adsorption. SEM images show the presence 
of a porous surface. Powder XRD suggests the presence of 

Fig. 12. Breakthrough curves: (a) effect of pH value on adsorption of CR, (b) effect of flow rate on adsorption of CR, (c) effect of con-
centration on adsorption of CR, and (d) effect of bed depth value on adsorption of CR.

Table 7
Thomas model parameters at different conditions using non-linear regression analysis

Initial  concentration  
(mg L–1) C0

Bed height  
(cm) Z

Flow rate  
mL min–1

pH KTH  
(mL min–1 mg–1)

q0 (mg g–1) R2

5 3 8 5 0.251 52.12 0.970
5 3 8 6 0.188 72.88 0.995
5 3 8 7 0.138 101.29 0.978
5 3 8 8 0.189 76.67 0.988
5 3 8 9 0.191 41.23 0.999
5 3 6 6 0.196 69.51 0.993
5 3 8 6 0.188 72.88 0.995
5 3 12 6 0.163 99.46 0.991
1 3 8 6 0.175 79.46 0.995
5 3 8 6 0.189 72.89 0.995
10 3 8 6 0.190 71.72 0.994
5 3.2 8 6 0.179 78.98 0.994
5 4.8 8 6 0.121 121.28 0.996
5 6.3 8 6 0.105 156.56 0.994
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Table 8
Yoon–Nelson model parameters at different conditions using non-linear regression analysis

Initial concentration  
(mg L–1) C0

Bed height  
(cm) Z

Flow rate  
mL min–1

pH KYN (min–1) τ (min) R2

5 3 8 5 1.277 71.56 0.956
5 3 8 6 0.931 63.52 0.995
5 3 8 7 0.680 89.68 0.973
5 3 8 8 0.495 19.63 0.956
5 3 8 9 0.395 10.64 0.962
5 3 6 6 0.931 190.87 0.810
5 3 8 6 0.947 111.86 0.959
5 3 12 6 0.959 63.52 0.995
1 3 8 6 1.372 66.82 0.995
5 3 8 6 1.101 95.65 0.996
10 3 8 6 0.910 98.63 0.994
5 3.2 8 6 1.231 76.32 0.816
5 4.8 8 6 0.907 98.56 0.995
5 6.3 8 6 0.057 127.21 0.994

Table 9
Adams–Bohart parameters for CR at different conditions using non-linear regression analysis

Initial concentration  
(mg L–1) C0

Bed Height 
(cm) Z

Flow rate  
mL min–1

pH KAB(mL min–1 mg–1) N0(mg L–1) R2

5 3 8 5 0.301 121.58 0.973
5 3 8 6 0.252 145.23 0.995
5 3 8 7 0.218 135.66 0.981
5 3 8 8 0.255 99.48 0.992
5 3 8 9 0.182 65.60 0.995
5 3 6 6 0.245 109.84 0.992
5 3 8 6 0.252 145.23 0.995
5 3 12 6 0.309 128.20 0.995
1 3 8 6 0.593 165.36 0.996
5 3 8 6 0.252 145.23 0.995
10 3 8 6 0.123 129.05 0.994
5 3.2 8 6 0.243 149.30 0.995
5 4.8 8 6 0.237 152.52 0.996
5 6.3 8 6 0.229 159.32 0.995

Table 10
Comparison of different adsorbent for various dyes

Sl. No. Adsorbent Adsorbate Efficiency (mg g–1) References

1 Chitosan-Lignin Congo red 76.92 [4]
2 Graphene-carbon Methylene blue 65.70 [6]
3 Chitosan-Lignin Methylene blue 36.25 [27]
4 Cu(II)-AMTD xerogel Methyl orange 80 [28]
5 Cu(II)-AMTD xerogel Thymol blue 96 [28]

6 Cu(II)-AMTD xerogel Acid fuchsine 105 [28]
7 IRA-938 resin Rose bengal 142.86 [30]
8 TiO2@AS Methylene blue 23.95 [41]
9 Fe3O4/ZrO2-CMCS Sunset yellow 143.2 [46]
10 IZO Congo red 171 Present work
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Fe2O3 and ZrO2 units in the lattice. The surface charge was 
analyzed by the drift method and found to be neutral at 6.6 
(pHzpc = 6.6). With an increase in pH, adsorption initially 
increases then decreases. The adsorption follows the pseudo- 
second-order rate and matches well with the Langmuir iso-
therm model. A negative value of enthalpy advocates for an 
exothermic process and negative free energy confirms spon-
taneity. The maximum adsorption capacity was estimated to 
be 171 mg g–1. The material can be easily regenerated by dilute 
alkali solution and be reused up to five cycles without losing 
significant activities. Fixed bed column experiments under 
optimized conditions suggest promising field applicability 
of IZO. The breakthrough was analyzed with Thomas, Yoon–
Nelson and Adams–Bohart models. Thomas and Adams–
Bohart model was found the best fit for a breakthrough. 
It can be concluded that IZO is an efficient and promising 
low-cost adsorbent for the removal of CR from wastewater.
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