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Abstract The present study was conducted to evaluate the adsorption efficiency of
synthesized nano zinc oxide (n-ZnO) for the removal of hexavalent chromium
(Cr®"). The synthesized sample was characterized by X-ray diffraction, Fourier
transform infrared spectroscopy, and scanning electron microscopy. Batch experi-
ment results revealed that low dose (4 g L™') of n-ZnO was highly efficient at the
initial metal concentration of 9 mg L~ ! in acidic conditions (pH 2) at 50 °C for the
contact time of 90 min. A Langmuir adsorption isotherm model was found to be
best fitted indicating a homogeneous surface and the adsorption followed pseudo-
second order kinetics. Intra-particle diffusion was not a rate limiting factor in the
present study. Thermodynamic study revealed that the adsorption process was
endothermic and spontaneous at all the studied temperatures with increasing
randomness.
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Introduction

With fast urbanization and rapid industrialization, the amount of wastewater
discharged has become a serious environmental threat and challenging task. The
presence of various forms of metals in wastewater beyond the permissible limit
adversely affects the environment and public health eventually leading to an
ecological imbalance [1]. It is well established that unlike organic pollutants, very
slow natural degradation rates and the long half-life periods of metals are the real
causes behind the accumulation and toxicity of metals [2]. Undergoing various
cycles, metals enter the food chain/web and ultimately cause adverse physical and
physiological effects on biotic elements of earth [3, 4]. Therefore, it is the time to
synthesize highly efficient, cost effective, and environmentally friendly materials,
which can be used for metal remediation at pilot and large scales.

Chromium (Cr) occurs in nature in the form of a stable oxide chromite trivalent
[5]. Cr (Greek Chroma; means color) has wide applicability in different industrial
sectors like chrome plating, textile and dying industries, tanneries, wood and
furniture, etc. [6]. Cr occurs in two principal oxidation states, i.e., trivalent (+3),
which is biologically essential and hexavalent forms (4-6), which are mutagenic in
nature. In aqueous medium, Cr’" exists in neutral [Cr3(OH)g], mononuclear
[Cr(OH)*", Cr(OH)F, Cr(OH);] and polynuclear forms [Cry(OH),], while Cr®*
remains predominantly in anionic forms (Cr042_, HCrO42_, Cr2072_). Cr™ is toxic
and has higher solubility and mobility than Cr’* in aqueous media. USEPA has
prescribed 100 ug L™' Cr®" in drinking water; consumption in higher doses may
lead to skin problems, diarrhea, gastric problems, liver and kidney damage, internal
hemorrhages, etc. [7, 8]. In acidic conditions, Cr®" exists in Cr20727 while in an
alkaline environment, the CrO42_ form is predominant [9]. In India, the maximum
permissible limit for Cr®" in drinking water is 0.05 mg L™". The Bureau of Indian
Standards (BIS) has also given standards for the discharge of Cr®" in inland surface
water (0.1 mg L™"), public sewage (2 mgL~™"), and marine/coastal areas
(1 mg L™ [10].

Different methodologies like reverse osmosis, ion exchange, and adsorption have
been adopted for the remediation of hexavalent Cr from aqueous solutions [11].
Workers around the world have applied various materials as low cost adsorbents for
Cr remediation, viz., almond, groundnut, walnut, and coconut shell [9, 12-16, 65],
rice husk, and straw [17-19], palm flower and oil palm waste [20, 21], river bed
sand [22, 23], activated spent clay [24], Wollastonite [25], algal sp. [26-28], etc.
Although low cost adsorbents have been proved as potent candidates for water
purification, many synthesized nano sized metal oxides have emerged as efficient
adsorbents. Nano sized metal oxides are better adsorbents because of large surface
area and high activity due to the size quantization effect [14, 29-33]. Various metal
oxides used in wastewater/water treatment are hydrous and anhydrous iron oxides
(Fe;0y4, Fe,03) [34-39], hydrous and anhydrous manganese oxides [36, 40-42], and
titanium oxide (TiO,) [43].

The efficiency of nano sized zinc oxide (n-ZnO) is yet to be explored, as little
work has been done on its synthesis and application for water purification [44—-46].
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Nano ZnO (n-ZnO) are believed to be environmentally friendly and can be applied
in various fields such as the catalyst industry [47], solar cells [48] and gas sensors
[49], etc. Earlier, it was used for H,S removal, but later it was recognized as a potent
metal adsorbent [32, 50]. Therefore, synthesis and application of ZnO for Ccrét
removal from wastewater was considered in the present study. The present study
was conducted at the Pollution Ecology Research Laboratory, Department of
Botany, Banaras Hindu University, Varanasi (India).

Materials and methods
Synthesis of zinc oxide nano particles

The nano sized zinc oxide (n-ZnO) synthesis scheme was broadly based upon the
experimental design as discussed elsewhere [51]. All the reagents procured were of
analytical grade. A 10 ml solution of 0.08 M Cetriammonium bromide (CTAB-
cationic surfactant) was added to 500 ml 0.5 M zinc chloride solution (ZnCl,).
Liquid ammonia solution (10 ml, NH,;OH) was added slowly to the homogenous
ZnCl,-CTAB solution with continuous stirring. After stirring (4 h), the solution was
left for 4 days (96 h) to get an aged sample. After aging, the samples were filtered,
washed with double distilled water (to remove surfactant), and dried at room
temperature. Air dried samples were calcined in a tubular muffle furnace at 450 °C
for 2 h. The above steps can chemically be represented as [44]

ZnCl, + NH;OH — Zn(OH),+2NH,CI, (1)
Zn(OH),(Calcination) — ZnO + H,0. (2)

Ammonium chloride (NH4Cl) and hydroxide ions (OH ™) evaporated in the form
of ammonia gas and water vapours, respectively. The diagrammatic scheme illus-
tration is given in Fig. 3c.

Batch studies

Batch studies were conducted to assess the removal efficiency (RE) of n-ZnO. The
effect of pH, initial metal concentration, temperature, time, and dose was
investigated. Cr®" solutions of desired concentrations were prepared from a
1000 mg L™" Cr®" stock solution. The pH of solutions was adjusted using dilute
acid (HCI) and alkaline solutions (NaOH). The adsorption capacity and efficiency of
n-ZnO was calculated using Eqs. 3 and 4, respectively.

qe = [(Cl - Ce)](V/W), (3)

Removal efficiency percentage (RE %) = [(C; — C.)/Ci] x 100, 4)

@ Springer



124 M. Pandey, B. D. Tripathi

where ¢, is the amount of adsorbate (Cr®*) on per unit mass of adsorbent (n-ZnO)
(mg g~"), C; and C,. are initial and equilibrium concentrations of adsorbate
(mg L_l), V is volume of metal solution (ml), and W is mass of adsorbent (mg).

Results and discussion
Characterization of n-ZnO

X-ray diffraction analysis (XRD) [RIGAKU-Miniflex II diffractometer adopted Cu-
Ko radiation (4 = 1.5405 A) with a tube voltage of 40 kV and current of 35 mA in
a 20 range between 20° and 80°] was conducted. The step size and measuring speed
was set to 0.02° and 1° per min, respectively, in the present investigation. The
JCPDS-International Centre for Diffraction Data Cards were used as a reference.
Prominent diffraction peaks (Fig. 1) were found at 31.74 (100), 34.36 (002), 36.16
(101), 47.48 (102), 56.74 (110), 62.81 (103), 67.93 (112), and 69.17 (201), which
matched with JCPDS card 36-1451. This confirmed that the synthesized material
was ZnO formed by the co-precipitation method. The average crystalline size range
was obtained by the Sherrer equation, which can be mathematically expressed as:

D = (k2)/(B cos 0), (5)

where D is the average crystalline size (nm), k is a constant (0.89), 4 is the wavelength
(1.54 A), f is full width at half maxima (FWHM), and 0 is the Bragg diffraction angle.
The average crystalline size range was found to be between 26.28 and 56.77 nm.
The presence of functional groups also alters the removal efficiency of the
adsorbent. A Fourier transform infrared spectroscopy (FTIR) (Perkin Elmer
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Fig. 1 X-ray diffraction of n-ZnO
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Fig. 2 FT-IR spectrum of pre- and post-treated n-ZnO

spectrum version 10.03.05) study was conducted on the adsorbent, before and after
the treatment, to identify the presence and detect the change in the functional groups
(Fig. 2). Wave number 2800-3000 cm ™" represents C—H absorption and 3500 cm ™
represents OH bonds while 567 cm ™' peak reflects ZnO.

The surface area of the adsorbent is an important parameter to assess its
efficiency. The surface area of synthesized n-ZnO was assessed using a surface area
analyzer. The surface area was found to be 18.39 m?g™" which showed a good
agreement with the findings of Wang et al. [51] (17.6 m®g™'). The surface
morphology of ZnO depends upon various external factors like synthesis technique
and process, pH, and precursors, etc. Therefore, surface morphology change studies
are a must to assess the efficiency of metal oxide adsorbents [52]. The change in
surface morphology of the adsorbent (n-ZnO) was investigated using a scanning
electron microscope (SEM) (FEI Quanta 200F) (Fig. 3a, b). Although the principal
fraction of particles formed was almost spherical in shape, some needle- and rod-
shaped particles were also observed. A rough surface of unused n-ZnO particles
depicts the presence of numerous active sites, which are occupied by metal ions
(Cr®") after adsorption making the adsorbent surface smooth.

Batch study
Effect of pH

The pH plays a vital role in deciding the morphology and efficiency of adsorbents.
In the present study, the RE of the adsorbent was assessed at different pH (2, 4, 6, 8,
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CTAB-cationic
surfactant + 500
ml 0.5 M zinc
chloride solution
(ZnCly) + 10 ml

. NH,OH J/

4 hrs
stirring
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Filtering and
double distilled
water washing to
remove CTAB

Fig. 3 SEM micrograph of a untreated and b treated n-ZnO. ¢ Scheme illustration of Cr®* adsorption

and 10). Study revealed that at pH 2.0, the maximum removal efficiency was 100 %,
which steeply decreases with the increase in pH and around 55 % Cr is adsorbed at
highly alkaline pH (10.0) (Fig. 4). It is well documented that at acidic conditions,
the adsorbent surface becomes positively charged (protonation), which chemically
attracts the Cr®" present in various anionic forms (CrO4>~, Cr,0,%7). In alkaline
conditions deprotonation occurs, which adversely affects Cr®" adsorption. The
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Fig. 4 Effect of pH

chemical equilibrium equation showing the relationship between different Cr anions

[9]:
2CrO” +2H" « (2HCrO; ) < Cr,03~ + H,0

Adsorption in neutral and alkaline conditions may be due to reasons other than
electrostatic interaction. Similar results have been reported by different workers
using different adsorbents [9, 23, 53].

[lumination increases the dissolution rate of ZnO but is a slow process [54].
Direct contact of UV-visible light with n-ZnO was prevented to avoid photo-
corrosion and decomposition of the adsorbent. However, Zhang [55] mentioned that
under highly acidic and alkaline conditions, the corrosion film formed on Zn is very
loose. Since the contact period in the present study is too small, the dissolution,
solubility, and corrosion of ZnO would have been negligible to cause adverse
effects on its removal efficiency.

It has been very well established that dissolution of n-ZnO at low and high pH is
a size dependent phenomenon and also affected by the adsorbing species
[54, 69, 70]. Since we have performed the batch experiment at particle sizes
ranging from ~50 to ~300 nm and observed maximum removal at low pH value
and negligible leaching of Zn ion from ZnO at this pH (figure not shown); therefore,
it can be concluded that adsorbent was stable at this pH. This is more likely to result
due to very high affinity of Cr®" for n-ZnO or rapid attack of Cr®" on active sites
present on the nano-adsorbent surface.

@ Springer



128 M. Pandey, B. D. Tripathi

Effect of initial metal concentration, contact time, and dose of adsorbent

Cr°" removal efficiency percentage of n-ZnO as the function of initial metal
concentration was investigated on standard solutions of various concentrations
(1-10, 15, 20, 30, 40, and 50 mg Lfl). The n-ZnO showed 100 % removal
efficiency at a metal concentration of 9 mg L™' and decreases gradually on further
increasing the metal concentration. The least RE % (79.53 %) was obtained at
50 mg L™" depicting the low adsorption capacity of adsorbent at higher concen-
tration. The necessary driving force to overcome the mass transfer resistance for
adsorbate between the solution and solid phases is provided by the initial metal ion
concentration [56]. As the initial metal ion concentration at the same adsorbent dose
increases, the availability of active sites decreases, which, consequently, decreases
the removal efficiency percentage (Fig. 5).

Contact time imparts a significant effect on removal efficiency of adsorbents.
Effect of contact time was assessed by running the experiment for different time
periods (5, 10, 15, 20, 25, 30, 45, 60, 90, 120, and 180 min) at different metal ion
concentrations (10, 20, and 30 mg L*I). Increase in RE % was observed (Fig. 6)
with increase in contact time from 5 min (7.8, 17.68, and 20.4 %) to 90 min (100,
90.94, and 89.02 %) and remained constant thereafter at different adsorbate
concentrations (10, 20, and 30 mg L_l). Therefore, 90 min contact time was
selected as equilibrium for maximum removal.
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Fig. 5 Effect of initial metal ion concentration
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RE % increases with the increase in adsorbent dose and reached up to maximum
at 4 g L™, after which it remained nearly constant (Fig. 7). Increase in RE % with
increase in adsorbent dose may be due to an increment in the number of active sites
for adsorption.

Effect of temperature

Effect of temperature on adsorption efficiency was assessed by executing the batch
experiments at various temperatures (30, 40, and 50 °C) at different metal ion
concentration (10, 20, 30, 40, 50, and 60 mg L_l) (Fig. 8). Maximum RE was
obtained at the highest temperature (50 °C) for all the concentrations. This depicts
the endothermic nature of the adsorbent [53].

Adsorption isotherm modelling

The isotherm model reveals the relationship between concentration of metal ions
adsorbed onto the surface of adsorbent and concentration of metal ions in liquid
phase. To assess the adsorption capacity, two isotherm models, viz., Langmuir and
Freundlich were applied to the present study data set having application
concentration ranges viz. 0.5, 1, 1.5, 2, 2.5, 5, 10, 20, and 50 mg L
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Langmuir isotherm model

The Langmuir isotherm model for single metal adsorption was given by Langmuir
(1916), the non-linear form of which can be mathematically expressed as Eq. (6)
[57]. To obtain maximum adsorption capacity (gmax) and adsorption efficiency (b),
the linear form of Eq. (6) is required, which can be written as Eq. (7) [16]:

4 = qmax[(bee) /(1 + b)), (6)

(ce/qe) = [1/(gmaxb)] + (Ce/qmax), (7)

where gnax 1S the maximum metal concentration adsorbed by per unit mass of
adsorbent (mg g~ ') having a homogenous surface at the equilibrium concentration
of metals (c.) (mg L~"), when the surface of the adsorbent is full with metals (Gmax)
(mg g~ ") and b (L mg™") is adsorption efficiency (affinity of adsorption). When the
linear graph is plotted between c. and c./q., the obtained g,.x and b are calculated
using the slope and intercept of the graph. The reciprocal of slope (1/slope) gives
gmax and the reciprocal of product of intercept and g« gives b. In the present study,
the maximum adsorption capacity (¢max) Of the adsorbent was 12.2 mg g~ at 50 °C
with R? value near to unity (0.986) (Fig. 9a; Table 1).

The feasibility of the Langmuir model can be assessed by a dimensionless
separation factor or equilibrium parameter (Rp), which can be mathematically
expressed as Eq. (8) [56, 58]:
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Fig. 9 continued
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Table 1 Adsorption isotherm and kinetic model parameters at different temperatures and concentrations

Model Temperature Gmax (mg g7 1) b(@Lg™h R
(°C) (1/slope) (1/intercept X Gmax)
Langmuir 30 7.7 0.511 0.926
40 11.4 0.909 0.958
50 12.2 3.75 0.986
Freundlich Temperature (°C) ke (mgg’l) (Intercept = log k) n (1/slope) R?
30 291 3.28 0.726
40 0.25 1 1
50 0.25 1 1
Pseudo-first order Concentration Experimental ¢, Model ¢, K, (min~ ) R?
(mg L™ (mg g™") (mg g™
10 10 2.96 57.87 x 1072 0.990
20 18.19 6.64 89.21 x 1073 0.873
30 26.70 9.26 75.14 x 1073 0.862
Pseudo-second order Concentration Experimental g. Model g. K, H R?
(mg L™ (mg g™ (mgg™) (gmg 'min"")
10 10 33 0.012 0.136  0.982
20 18.19 13.86 0.004 091  0.775
30 26.70 21.63 0.015 7.5 0.998

The Ry value determines the shape of the isotherm, which varies from Ry > 1
(unfavourable), R = 1 (linear), 0 < Ry < 1 (favourable). In the present system, Ry
values for the wide initial metal concentration range (10, 20, 30, 40, 50, and
60 mg L™") and different temperatures (30, 40 and 50 °C) varied from 0.06 to 0.82
(Fiég. 9b). Thus, the result confirms the feasibility of adsorbent for the removal of
Crt.

Freundlich isotherm model

The Freundlich model provides metal sorption as a function of metal concentration
at equilibrium in solution without considering other factors such as pH, presence of
other metal ions, etc. The saturation stage of metal sorption is not assumed in this
model. It assumes that the strongest binding sites are occupied first and the sorption
efficiency decreases with increase in number of occupied sites by metal (ions). It
can be mathematically expressed as [57]:

q = ke(ce)'/". 9)

The linearized mathematical form of Freundlich can be expressed as:
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log ge = logks + (1/n)logce, (10)

where k¢ is the Freundlich constant related to sorption capacity of adsorbent, 1/n is
sorption intensity, c. is metal ions concentration at equilibrium and ¢ is metal
concentration adsorbed by the adsorbent. The slope of the graph plotted between log
c. and log ¢, gives a value of (1/n), while the intercept gives log k;. In the present
study, the maximum adsorption capacity (k) of the adsorbent was 2.91 mg g~ ' at
30 °C having a R* value of 0.726 (Fig. 9c; Table 1).

Adsorption kinetics

Adsorption is governed by various factors like adsorbent morphology (size, surface
area, etc.), porosity.film, pore, and intra-particle diffusion, etc. Adsorption
mechanism, kinetic behaviour, and rate constant determination of Cr®t on n-ZnO
was studied by applying pseudo-first order, pseudo-second order kinetic models, and
the intra-particle diffusion model.

Pseudo-first-order kinetic model

It assumes that the rate of occupation of binding sites is directly proportional to the
number of unoccupied sites onto the adsorbing material. The pseudo-first-order rate
can be mathematically written as [57]:

(dg/dt) = ki(ge — q), (11)

where ¢. is the metal concentration (mg g~ ') adsorbed at equilibrium, ¢ is the metal
concentration absorbed at time ¢, k; is the rate constant of pseudo first order kinetics
(min~"). When the above equation is integrated between the limits 7 = 0 to t = ¢
and ¢ = 0 to g = g., the equation becomes:

log(qe — q) = log ge—(ky x 1)/2.303. (12)

A linear plot drawn between log (g. — ¢) and ¢ gives the fitness of pseudo first
order sorption kinetics.

Pseudo-second-order kinetic model

It assumes that the rate of occupation of binding sites is directly proportional to the
square of the number of unoccupied sites onto the adsorbing material. The pseudo-
second-order rate can be mathematically written as [57]:

(dg/dt) = ka(ge — )7, (13)

where ¢. is the metal concentration (mg g~ ') adsorbed at equilibrium, ¢ is the metal
concentration absorbed at time ¢, k, is a rate constant of pseudo second order
kinetics (gmg ™ 'min~"), which can be determined from the graph plotted between #/
q and t. When the above equation is integrated between the limits t = 0 to t = ¢ and
q = 0 to g = g., the equation becomes:
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(c)

20

Fig. 10 continued

t/qa = (1/kq’) + (1/ge)t. (14)

1

The initial rate of adsorption (h) (mg g 'min~') can be calculated using

following equation:
h = kaq?. (15)

Pseudo first order and pseudo second order kinetics were applied for the metal
ion concentration 10, 20, and 30 mg L™". The rate constant of pseudo first order
kinetics (K;) for 10, 20, and 30 mg L™' was 57.87 x 107>, 89.21 x 10~ and
75.14 x 107> min~' having R”> values 0.990, 0.873, and 0.862, respectively
(Fig. 10a). Similarly, the rate constant of pseudo second order kinetics (K;) was
12 x 1073, 4 x 107> and 15 x 107* g mg™' min~" having R* values 0.982,
0.775, and 0.998, respectively (Fig. 10b). Comparing ¢g. experimental with g,
model, the pseudo second order kinetics was found more suitable (Table 1).

Intra-particle diffusion model (Weber—Morris model)

As the pseudo-first order and pseudo-second order kinetic models are unable to
predict the rate limiting steps (i.e., boundary/film layer and intra-particle diffusion),
this model helps to assess the contribution of intra-particle diffusion as a rate
limiting step (slowest rate during the adsorption). Intra-particle rate constant (Kgi¢r)
may be determined by the following equation [56, 58, 59]:
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gr = Kair (1°°) + C, (16)

where ¢, is the adsorption capacity at time f, Ky is the intra-particle diffusion
constant (mg g~' min~"?), and C is the thickness of the film. The effect of the
boundary layer increases with increase in C. Slope and intercept of plot (g, vs. t*)
gives the value of Kg;¢r and C. The diffusion model is divided into two steps; transfer
of adsorbate to adsorbent and intra-particle diffusion in adsorbent. For the intra-
particle diffusion as rate limiting steps, the plot line should pass through the origin,
which it is not passing in the present study (Fig. 10c). Therefore, intra-particle
diffusion is not a rate limiting factor in this study.

Thermodynamics study
The effect of temperature on adsorption capacity can be simulated by applying the

thermodynamic model. The feasibility, change in enthalpy (AH®), entropy (AS°),
and free energy (AG®) can be easily predicted using the following equations [58]:

AG® = —RTInK., (17)
log K. = (AS°/2.303R)—(AH® /2.303RT), (18)
AG® = AH® — TAS°, (19)

where K, (Lg™") is the equilibrium constant, T is temperature (Kelvin), and R is the
gas constant (8.324 J mol 'K™"). Change in enthalpy (AH°) and entropy (AS°)
were calculated from slope and intercept of the Van’t Hoff graph plotted between
log K. and 1/T. Change in free energy was found to be negative at all the tem-
peratures indicating the spontaneous nature of adsorption (Table 2). However, a
positive change in enthalpy denotes the endothermic nature of the reaction, which is
supported by the study of change in temperature on adsorption. Similarly, the
positive change in entropy (AS°) signifies an increase in randomness between
adsorbent/adsorbate interfaces during the adsorption [58].

Application to wastewater
Synthesized adsorbent was applied on secondary treated wastewater collected from

the Bhagwanpur sewage treatment plant in Varanasi, India. Wastewater samples
were collected in pre-washed and acidified PTFE bottles and transported

Table 2 Thermodynamic values of different parameters

Temperature (K) Ky (Lmol™")  AG®° (KImol™))  AH®° (KImol™")  AS° (KJmol~' K™

303 3450.65 —20.50 61.83 0.27
313 4146 —21.65
323 15,982.41 —25.96
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Table 3 Comparative study of different adsorbents for Cr®" removal

Adsorbent Adsorption capacity (mg g~') (Adsorbate) References
n-ZnO 26.7 (30 mg L") (Cr®h) Present study
n-ZnO 59.89 (Zn*™), 94.38 (Cd**), 133.5 (Hg™™) [56]
n-ZnO ~86 (Cd) [44]
Activated carbon ATFAC 16.1 (40 °C) (Cr*h) [16]

ACF 40.29 (40 °C) (Cr*™)
Spent activated clay 1.42 (40 °C) (Cr*h) [24]
Magnetic iron oxide 3.56 (Cr®) [53]

11.53 (Ni**)
River bed sand 0.15 (Cr%h) [23]
Modified riverbed sand 0.79 (Cr®) [56]
Fly ash 1.4 (Cr°h) [61]
Raw rice bran 0.07 (Cr) [62]
Rice husk 0.6 (Cr) [63]
Saw dust 0.893 (Cr) [63]
Wollastonite 0.83 (Cr®%) [64]
n-Iron oxide/hydroxide 11.18 (Cr) [66]

immediately to the laboratory following standard protocol [60]. After analyzing
initial metal ion concentration, the samples were treated with n-ZnO under optimum
conditions obtained by the batch experiments conducted above. Removal efficiency
was as high as 94.6 %, which was still lower than the results obtained above. This
may be due to the interference caused by the presence of other impurities in the
wastewater. The toxicity of nano ZnO particles has been discussed elsewhere
[67, 68]. Therefore, after the application of nano particles, extra care is required to
filter out residual nano adsorbent particles from the treated wastewater. Conse-
quently, the adsorbent (n-ZnO) may be used for removal of Cr®" ion from
wastewater discharged from anthropogenic sources. The comparative study of the
removal efficiency of various adsorbents is given in Table 3.

Conclusion

The present study dealt with synthesis and application of n-ZnO for the removal of
Cr*. Results revealed that n-ZnO is a highly potent metal oxide adsorbent, which
may remove up to 100 % chromium hexavalent ions in acidic conditions (pH 2.0)
following pseudo-second order kinetics at higher temperature (50 °C). The
adsorption process was endothermic and the degree of randomness increased
during the process. The Langmuir isotherm model was found most suitable, which
was confirmed by a separation factor value (0 < R < 1) suggesting a homogenous
surface with monolayer adsorption having constant adsorption energy. Thus, n-ZnO
may be used on a pilot scale for the removal of hexavalent Cr ion from wastewater.
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