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Abstract

The effects of different state variables (contact time, pH, concentration, ionic strength and temperature) were investigated on
the adsorption of 4-nitrophenol (4-NP) onto goethite for its potential utilization in mitigating water pollution. The results sug-
gested that the adsorption of 4-NP reached a quasi-steady state equilibrium at 24 h and followed pseudo-second order kinetics.
The computed value of pseudo-second order rate coefficient for adsorption of 4-NP on goethite was 447.57 kg mM~' h™!.
Adsorption of 4-NP on goethite was higher when the solution pH was <pH,,. of goethite and near pK,(7.15)of 4-NP and
vice versa. The effect of concentration of 4-NP on adsorption revealed the heterogeneity of sorption sites on goethite surface;
highly selective sites of higher bonding energy up to sorption density of 1.42 mM kg~! and lower selectivity sites of lesser
bonding energy for sorption density above 2.07 mM kg~!. An increase in ionic strength, increased the adsorption of 4-NP
on goethite but an increase in temperature decreased the adsorption. The changes in thermodynamic parameters indicated
that adsorption of 4-NP was a spontaneous and exothermic reaction with an increase in the entropy of the system. Based on
these results, the optimal conditions for the maximal removal of 4-NP were 6.7-7.0 pH, 0.015-0.02 ionic strength, 15 °C

temperature with 1: 100 goethite (sorbent)-solution ratio.
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Introduction

Nitrophenols are among the most important and versatile
industrial organic compounds which are widely used as raw
materials or intermediates in the manufacture of explosives,
pharmaceuticals, pesticides, pigments, dyes, wood preserv-
atives and rubber chemicals (Qui et al. 2007).The wastes
generated from these industries often find way to water res-
ervoirs leading to contamination of water resources. The
United States Environmental Protection Agency (USEPA)
has listed 2-nitrophenol, 4-nitrophenol, and 2, 4-dinitrophe-
nol as priority pollutants (USEPA 1980) and set the toler-
ance limit for total phenolic compounds in drinking water
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as 0.001 mg L' (IS 2012).The USEPA has also set pre-
treatment standards for waste discharge from manufactur-
ing industries to avoid the subsequent damage caused by
4-nitrophenol (4-NP) to aquatic environment. Unfortunately,
an efficient removal of 4-NP is still a challenge because of
its high solubility and stability in water as well as its resist-
ance to the conventional water purification methods (Marais
and Nyokong 2008). Different techniques such as membrane
filtration (Ivancev-Tumbass et al. 2008), degradation (Chen
etal. 2011; Xiong et al. 2012) adsorption (Ivancev-Tumbass
et al. 2008; Mehrizad et al. 2012; Yuan-Xiang et al.2014;
Varank et al. 2012) and chemical reduction (Qiu et al. 2012;
Jin et al. 2012; Fan et al.2012) have been suggested for the
removal of nitrophenol from contaminated waters but most
of these divulged methods suffer from disadvantages such
as high capital investment and large operative costs (Lin and
Hsieh 2015; Polat et al.2006).However, the adsorption tech-
nique appears to be a globally accepted and low cost method
for the removal of phenols from water due to its placid appli-
cation as well as low initial cost (Juny et al. 2001; Ramirez
et al. 2017).1t can therefore, be useful to develop a low cost
and efficient method for elimination of 4-NP from waters.
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In recent years, different natural mineral and organic
materials such as zeolite (Pham et al. 2016), alumina
(Aazza et al. 2017), montmorillonite (Ouardi et al.
2019),Mansonia sawdust (Ofomaja and Unuabonah 2013),
and Brazilian peat (Jaerger et al. 2015) have been tried as
alternative adsorbents in the treatment of phenolic con-
taminated waste water.

Goethite [a-FeO(OH)], a thermodynamically stable iron
oxyhydroxide, is a widespread mineral (Cornell and Schw-
ertmann 2003) having closely packed oxygen and hydroxyl
anions in hexagonal arrangement with iron cations in octa-
hedra. The crystal structure of goethite has interface stereo-
chemistry of the type [(H,0)-(H,0)-OH,-OH-Fe-O-O-Fe-
R]. This indicates the presence of two layers of adsorbed
water, a hydroxo- group and an aquo- group (Ghose et al.
2010). These physicochemical properties of goethite impart
it a great potential as an adsorbent due to its special surface
active sites and large surface area. Goethite is usually formed
in lithosphere through weathering of iron-rich minerals and
is a common soil mineral. It is also known to be present
in groundwater as precipitant mineral (Liu et al. 2014).The
mineral has high adsorption capacity for anions, organic
acids and cations in the natural environment and has pro-
spective application in environmental preservation (Tejedor
et al. 1992). Since the adsorption of organic compounds such
as phenols on goethite depends upon the pH and composi-
tion of cations in solution, concentration of soluble organ-
ics and ionic strength of solution etc. (Tran et al. 1999),
therefore, it is very important to study the effect of different
state variables on adsorption of 4-NP onto goethite which
may help in developing a protocol for effective removal of
4-NP using goethite. The present study was undertaken to
investigate the effects of contact time, pH, ionic strength,
temperature on adsorption—desorption behavior of 4-nitro-
phenol on goethite.

Experimental section

Goethite [a-FeO(OH)] was synthesized in the laboratory by
taking 250 mL of 0.5 M solution of iron nitrate (Fe(NO5);-9
H,0, AR grade) prepared in CO, free water and slowly neu-
tralizing this solution by gradual addition (2 mL/min.) of
CO, free solution of 0.7 M KOH. The precipitated ferric
hydride was aged at room temperature (27 °C) at pH 12 for
2 days followed another aging in water bath at 60 °C for
next 2 days (Atkinson et al. 1968). The soluble impurities
were removed by repeated washing with deionised water.
All chemicals used in the study were of analytical grade pro-
cured from SD Fine Chemicals, Mumbai. Double distilled
water used in the study was prepared using Quartz double
distillation unit (Borosil, Mumbai).
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Study on effect of contact time

Two hundred mg of goethite sample was taken in twenty
centrifuge tubes and 0.2 mL of 1 M KCl and 1 mL of a stock
solution of 4-NP (40 mgL_l) were added to each tube. The
volume of the solutions in the tubes was made up to 20 mL
by adding double distilled water. Thereafter, the suspensions
were shaken in a shaker incubator at 120 rpm for different
time intervals (0, 0.5, 1, 2, 4, 6, 12, 24,48and72 h). The
centrifuge tubes were removed in duplicate after each time
interval and centrifuged at 7000 rpm for 10 min. Supernatant
was collected and divided into two portions. One portion
was used for recording the pH and the other portion was
passed through 0.45 um filter paper for quantitative esti-
mation by high performance liquid chromatography. Since
the quasi-steady equilibrium for adsorption of 4-NP onto
goethite was found to be 24 h, it was uniformly adopted in
the subsequent studies on effect of other state variables. The
adsorbed amount of 4-NP onto goethite was calculated as:

C,—-C

Qt = % X Vsol’

where Q, is adsorbed amount of 4-NP in mM kg™' at
time (#), Cy and C, are the initial and final concentration of
4-NP in mM L=, w is weight of goethite (0.2 g) and Vsol is
volume of solution (20 mL).Desorption of 4-NP adsorbed
by goethite at different time intervals was also carried out
by resuspending the centrifuged goethite pellet into 19.8 mL
of water+0.2 mL of 1 M KCI and shaking the contents in
shaker incubator at 120 rpm for 24 h. The contents were
centrifuged at 7000 rpm for 10 min. The Supernatants were
collected and determined for pH and concentration of 4-NP
as described in the preceding paragraph. The remaining
adsorbed amount of 4-NP after desorption was computed as:

Remaining adsorbed amount of 4-NP after desorption
Q)= (Qt - (Cdes. X Vsol))/w

Where, Q, is adsorbed amount of 4-NP in mM kg'1 at
time (¢), Cg4., desorbed concentration of 4-NP in mM L™,
w is weight of goethite (0.2 g) and Vsol is volume of solu-
tion (20 mL).

Study on effect of equilibrium pH

Two hundred mg goethite was taken in twenty centrifuge
tubes. To each tube 0.2 mL of 1 M KCl and 1 mL stock
solution of 4-NP (40 mgL~") were added. Different volumes
(1,2,3and 4 mL) of 0.01 M HClI and (1, 2, 3, 4 and 5 mL)
0.01 M KOH were added separately to the respective tubes
in duplicate. The volume of solutions was made up to 20 mL
in all the tubes by adding double distilled water. The suspen-
sions were shaken for 24 h in a shaker incubator at 120 rpm,
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the suspensions were centrifuged at 7000 rpm for 10 min.
Clear supernatant was collected for recording the pH and
quantitative analysis of 4-NP as mentioned in the preced-
ing section. To study desorption behavior, goethite pellet
in each tube was re-dispersed in 0.2 mL of 1 M KCI and
different volumes of 0.01 M HCI and KOH (as mentioned
above) were added and the final volume in all tubes was
made up to 20 mL by addition of double distilled water.
The suspensions were equilibrated for 24 h followed by cen-
trifugation at 7000 rpm for 10 min. Clear supernatant was
collected and analyzed as mentioned in preceding section.
The adsorbed amount of 4-NP by goethite and the remaining
adsorbed amount of 4-NP after desorption were calculated
as described in the preceding section.

Study on effect of sorbate concentration

To examine the effect of concentration on adsorption of
4-NP, 200 mg of goethite was taken in twelve centrifuge
tubes. An aliquot of 0.2 mL of 1 M KCI and different vol-
umes (0.25, 0.50, 1.0, 1.5, 2.0 and 2.5 mL) of 4-NP stock
solution (40 mg L~!) were added to these tubes and the final
volume was made to 20 mL in all tubes by adding requi-
site volume of double distilled water. The contents were
equilibrated in a shaker incubator for 24 h at 120 rpm. After
equilibration, the contents were centrifuged at 7000 rpm
for 10 min. Clear supernatants were collected for record-
ing the equilibrium pH and HPLC analysis. For desorp-
tion study,0.2 mL. 1 M KCI was added to the goethite pellet
retained in centrifuge tubes after the removal of supernatant
and the volume was made up to 20 mL by addition of double
distilled water. Suspensions were equilibrated for 24 h at
120 rpm followed by centrifugation at 7000 rpm for 10 min.
The supernatant was collected and analyzed as for adsorp-
tion experiment. The adsorbed amount of 4-NP by goethite
and the remaining adsorbed amount of 4-NP after desorption
were calculated as described in the preceding section.

Study on effect of ionic strength

Two hundred mg goethite was taken in eight centrifuge
tubes. One mL of stock solution of 4-NP (40 mgL‘l) and
different volumes (0, 0.2, 0.3 and 0.4 mL) of 1 M KCl1
were added separately to centrifuge tubes in duplicate and
final volume was maintained to 20 mL by adding requisite
amount of double distilled water so as to get the final ionic
strength of 0, 0.01, 0.015 and 0.02. The contents were
equilibrated for 24 h in a shaker incubator at 120 rpm.
After equilibration, the contents were centrifuged at
7000 rpm for 10 min. Clear supernatant was collected to
record equilibrium pH and for estimation of 4-NP.Desorp-
tion experiment was also done at different ionic strengths
as stated above. The adsorbed amount of 4-NP by goethite

and the remaining adsorbed amount of 4-NP after desorp-
tion were calculated as described in the preceding section.

Study on effect of temperature

Two hundred mg goethite was taken in six centrifuge
tubes. Then, 0.2 mL of 1 M KCI and 1 mL of stock solu-
tion of 4-NP (40 mgL~!) were added to these tubes. The
final volume was made up to 20 mL by adding double
distilled water and the suspensions were shaken for 24 h in
a shaker incubator at three different temperatures (15, 25
and 35 °C) in duplicate. After equilibration, the contents
were centrifuged at 7000 rpm for 10 min. The clear super-
natants were collected for recording the pH and for estima-
tion of 4-NP. Desorption experiment was also done at dif-
ferent temperatures as stated above. The adsorbed amount
of 4-NP by goethite and the remaining adsorbed amount
of 4-NP after desorption were calculated as described in
the preceding section.

The data on adsorption of 4-NP onto goethite surface
at varying temperatures were also used to calculate the
thermodynamic equilibrium constant for adsorption onto
goethite surface considering the dissociated species of
4-NP at equilibrium pH (7.79 to 8.23) using the expres-
sion indicated below:

K’ = (Adsorbed 4 - NP) / (a,_.xp_/agy. )

Free energy change (AGr in kJ mol~!) was calculated
as AGr=— RT In K® where, R and T are gas constants and
temperature in Kelvin. Enthalpy (AHr in kJ mol~!) and
entropy (ASr in kJ mol~! degree™') were calculated as
the intercept and slope of a plot drawn between AGrand
temperature (T in Kelvin).

Quantitative estimation of 4-NP

The quantitative estimation of 4-NP was done using
high performance liquid chromatography (Ultimate
3000 HPLC, Dionex, USA) equipped with C18 column,
(250x 4.6 mm i.d., 5 pm) under isocratic mode, with
methanol and water (v/v) in a ratio of 80:20 as a mobile
phase at a flow rate of 1 mL min~! and UV detection at
310 nm. The retention time of 4-NP was 3.413 min under
the above conditions. The limit of detection (LOD) and
limit of quantification (LOQ) were determined on the
basis of S/N ratio for 4-NP and were found to be 0.004
and 0.009 ug g7}, respectively.
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Results and discussion
Effect of contact time

Adsorption of 4-NP onto goethite increased gradually reach-
ing a quasi-steady state equilibrium at 24 h of equilibration
and adsorption efficiency of goethite to remove 4-NP from
aqueous solution at 24 h was found to be 99.94 percent.
Beyond 24 h, further increase in adsorption was only mini-
mal (Fig. 1). The equilibrium time for 4-NP adsorption onto
nano zeolite (Pham et al. 2016) or montmorillonite (Ouardi
et al. 2019) has been reported to range between 2 to 2.5 h
and variations between earlier findings and the observations
of the present investigation could be attributed to the dif-
ferences in the nature of adsorbent used in the study and
speed of the shaker. The desorption data showed that the
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Fig.1 Amount of 4-NP adsorbed onto goethite and the amount
remaining adsorbed after desorption (a) and percent desorption (b)
of 4-NP. R? coefficient of determination, ** Significant at p<0.01, *
Significant at p <0.05

reversibility of adsorbed 4-NP increased with increasing
adsorption period up to 4 h from 0.06 to 0.09 percent due to
the increase in adsorbed amount of 4-NP. However, beyond
4 h of equilibration period, the percent desorption decreased
with increasing equilibration period. This also revealed that
prolonged adsorption period beyond 4 h allowed the entry
of adsorbed 4-NP to those sites from where the desorption
of adsorbed 4-NP was relatively difficult. At 48 h of equili-
bration for adsorption, the percent desorption of 4-NP was
only 0.008 percent.

Kinetic models

Considering the excess availability of adsorption sites on
the sorbent (goethite) which may not pose a limitation in
the progress of sorption reaction, we opted to fit adsorp-
tion data of 4-NP on goethite at different time intervals to
pseudo-first- and pseudo-second- order kinetics. Since the
transformation of the kinetic equation to linear forms brings
in significant problems in estimating kinetic parameters due
to alterations in the error structure and normality of standard
least square (Ho 2004; Gimbert et al. 2008), only non-linear
pseudo-first- and pseudo-second- order equations were used
to fit the kinetic data using my curve fit free software.

Pseudo - first order (non - linear form)Q, = Qe - (1 — ™)
()

Pseudo second order (non - linear form)
0, = (0 Ky-1)/(1+Qe- ky- 1), @)

where O, and Q, are the amount of 4-NP adsorbed (mM
kg™!) at time (r) and at the equilibrium, respectively. The
ky (h~") and ky (kg mM~! h™!) are the rate coefficients for
pseudo-first- and pseudo-second- order kinetics, respec-
tively. As the inclusion of observations close to the equilib-
rium time may unduly favor the validity of pseudo-second
order kinetics (Simonin 2016), the observation data at 48 h
of equilibration was excluded from the kinetic modeling.

The computed values of kinetic parameters, coeffi-
cient of determination (R?) and standard error of esti-
mate (S.E.) are presented in Table 1. Adsorption kinetics
of 4-NP on goethite conformed best to pseudo-second

Table 1 Computed values of kinetic parameters pertaining to non-linear pseudo-first and pseudo-second order models for adsorption of 4-NP

onto Goethite

Kinetic model Qe o Qe prea. =S-E Rate constant (k+S.E.) Coefficient of deter- ~ Standard error
(mM kgfl) (mM kgfl) mination (RQ) of estimate
(S.E)
Psuedo-first order 1.4371 1.4357+0.0005 12.1841+£0.7789 h™! 0.568 0.0012
Psuedo-second order 1.4371 1.4366 +0.0002 447.57+48.72 kg mM~' h™! 0.944% 0.0004

*Significant at p <0.05 and ** significant at p <0.01
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order kinetics, as with this model the value of R? was
higher while S.E. was lower as compared to pseudo-first
order. The graphical representations of pseudo-first-
and pseudo-second-order kinetic models are shown in
Fig. 2.The rate coefficient for adsorption of 4-NP on
goethite as per pseudo-second order kinetics was found
to be 447.57 kg mM~! h~!.Gladysz-Plaska (2017) also
observed that phenol and phosphate anion adsorption on
modified clay followed a pseudo-second order kinetics.
Magdy et al. (2018) also reported that the experimental
kinetic data on the removal of 2,4- dinitrophenol, 2 nitro-
phenol and 4 nitrophenol from aqueous solution by char
ash obtained from animal bones fitted well to pseudo-
second order model.

Sorption of 4-NP on goethite as a function
of equilibration pH

The amount of 4-NP adsorbed on goethite remained con-
stant under acidic equilibrium pH i.e. from 3.55 to 6.75 but
further increase in equilibrium pH decreased the adsorp-
tion (Fig. 3a). As shown in the Fig. 3a, the pH of the solu-
tion influenced the sorption of 4-NP via altering the surface
charge on mineral and also influencing the dissociation of
4-NP. Hence, the magnitude by which equilibrium pH devi-
ates from pH,. (pH for point of zero charge) of goethite
could play a decisive influence on adsorption of 4-NP onto
goethite. [ron oxides in general are reported to hold posi-
tive charge at pH <pH,,,, and negative charge at pH > pH,,.
(Brown et al. 1999) and the pH,,. of goethite was in the
pH range of 7.0—7.5 (Cornell and Schwertmann 2003).

Fig.2 Psuedo-first (a) and. . | Qobs. Co-Qet
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Zn(})\;i;ls ?tted t(;s;iso&ph;)n of a 143 b 143
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is observed adsorbed amount Q,=(924.3468, 1)/ (1+643.203.1) R2= 0.944
and Q’ pred. is predicted
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Fig. 3 Effect of equilibrium pH 1.45 0.10
on adsorption and desorption of a ¥ (Ads.) =1.3770 + 0.0255. x - 0.0024. x* R? = 0.964"* b
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5
s 141 f 0.06 |
2
3
£
©
®
2 139 | 0.04 <
2
E, y (Rem. Ads.) = 1.3783 +0.0250. x - 0.0024. x2
£ R?=0.966**
=
©
§ 1w}l 0.02 |
3 —&— Ads. (mM kg-1)
£
g - - & --Remaining Ads.. Amount. (mM kg-1)
1.35 1 1 1 1 000 1 1 1 1 1
0.0 2.0 4.0 6.0 8.0 10.0 12.0 0.0 2.0 4.0 6.0 8.0 10.0 12,0
pH (x)

@ Springer



273 Page60f10

Environmental Earth Sciences (2021) 80:273

Consequently, with the pH of the solution less than 7, the
adsorption of 4-NP on goethite was higher due to electro-
static attraction (H-bonding) of NO, moiety on positively
charged surface of goethite. The decrease in adsorption of
4-NP in alkaline pH could be ascribed to the fact that at
alkaline pH, a net negative charge was likely to develop on
the goethite surface and 4-NP also got dissociated into an
anion (pk, 7.15) which might have caused an electrostatic
repulsion between the negatively charged reactive surface
sites of goethite and the anionic 4-NP species. However,
at pH above pk, of 4-NP, sorption of 4-NP anion (4-NP7)
was effected due to bonding between surface Fe** and phe-
nolate anion. McBride and Kung (1991) presented Fourier
transformed infra-red spectral evidence to reveal the bond-
ing between surface Fe*™ and phenolic ligand of substi-
tuted phenols and concluded that depending upon the level
of adsorption, both physically and chemically adsorbed
phenols could be detected on goethite and amorphous Fe
oxide. Thus, the maximum adsorption of 4-NP on goethite
could occur till the pH of the system was below the pk, of
4-NP. Al-Ahmari et al. (2018) also recorded the maximum
adsorption of 4-n-nonyl phenol on goethite at equilibrium
pH close to pk, of this phenolic compound. There was a sig-
nificant quadratic relationship between the equilibrium pH
and adsorbed amount of 4-NP onto goethite or the amount
remaining adsorbed after desorption; both relationships were
significant at p <0.01.

A strong pH dependence of the percent desorption was
also observed in the pH region which corresponded to the

pK, of 4-NP. Desorption of 4-NP carried out on the adsorp-
tion samples showed an increasing percent desorption from
equilibrium pH of 2.75 to 7.75. The maximum percent des-
orption was observed to be 0.088 percent at equilibrium pH
of 7.75 (Fig. 3b). Above equilibrium pH 7.75, a persistent
decrease in percent desorption was observed reaching to the
level of 0.007 percent at pH 10.82 due to decrease in adsorp-
tion of dissociated 4-NP anion.

Effect of concentration

The interaction of 4-NP with goethite surface can be antici-
pated by the following schematic equations:

AcidicpH : S—H +4—-NPS—NP + H* 2 K
= (H") (S—NP) /(NP)(S — H) or (S — NP)
= K(NP)(S—H)/ (H")

AlkalinepH : S—OH +4—-NPS—NP + OH™ 2 K’
= (OH™)(S — NP) /(4 — NP) (S — H) or (S — NP)
= K(NP)S - H) /(OH")

The adsorbed amounts of 4-NP were plotted against
the ratio of 4-NP/H* or 4-NP/OH™ in equilibrium solution
(Fig. 4).Since the equilibrium pH in this study for different
concentration of 4-NP varied from 6.86 to 8.51, a plot of
4-NP/OH™ better conformed to adsorption—desorption data

Fig.4 4-NP/H" model (a) a Adsorption Desorption
and 4-NP/OH™ model (b) for 4.0 P 4.0 P
adsorption and desorption of <
piK 1esorp ) - 2 y = -0.069 x + 3.835 ze :
4-NP. R” coefficient of determi- S 30 b R? = 0.952 TS 30 |
nation, * Significant at p <0.05 = M e BE .
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of 4-NP on goethite compared to 4-NP/H* as evident from
higher values of coefficient of determination (R?). A close
observation of the data revealed two subsections of varying
slopes in 4-NP/OH™ indicating heterogeneity of the goethite
adsorption surface for 4-NP sorption wherein, the sites of
higher and lower specificity were likely to exist in the sys-
tem. As shown in Fig. 4, highly selective sorption sites of
higher bonding energy for 4-NP existed up to a sorption
density of 1.42 mM kg~! while the sites of relatively lower
selectivity with lesser bonding energy occurred above the
sorption density of 2.07 mM kg~'. The selectivity coeffi-
cients for 4-NP adsorption computed from NP/OH™ plots
were found to be 7.159 and 0.169 for high and low energy
bonding sites, respectively. For desorption isotherms, the
computed values of selectivity coefficients for desorption
from higher and lower bonding sites were 36.651 and 2.948,
respectively. The values of selectivity coefficient for des-
orption were many folds higher than selectivity coefficient
for adsorption and this indicated a hysteretic effect in case
of 4-NP adsorption onto goethite surface. Similar results
were obtained in the adsorption study of phenol by ben-
tonite (Banat et al. 2000). An increase in the initial 4-NP
concentration increased the mass transfer driving force and
therefore, the rate at which 4-NP molecules passed from
the bulk solution to the particle surface was higher and this
resulted in higher adsorption.

Effect of ionic strength

An increase in adsorption of 4-NP on goethite was observed
with increasing ionic strength (Fig. 5a). The maximum
increase in adsorption was noted when ionic strength
increased from O to 0.01 and thereafter, with further increase

in ionic strength up to 0.02 only a slight increase occurred
in adsorption of 4-NP onto goethite. An increase in ionic
strength is known to decrease the thickness of the diffused
double layer around the colloidal surfaces (Sparks 1998)
and could effectively bring more 4-NP molecules close to
goethite surface to effect H-bonding of 4-NP molecules with
the surface aquo- and hydroxyl- groups of goethite at higher
ionic strengths. The desorption of 4-NP showed that with the
increase in ionic strength from O to 0.01 there was a decrease
in percent desorption from 0.113 to 0.022 percent. Further
increase in the ionic strength up to 0.02 resulted an increase
in percent desorption from 0.022 to 0.128% (Fig. 5b). The
possible reason for the observed effect might be that the
presence of extra salts could cause a salting-out effect. The
dissociative ions in solution form well-organized ionic
atmospheres through binding water molecule tightly which
decreases the solubility of anion-electrolyte (i.e. 4-NP) in
solution and consequently result in an increase in the adsorp-
tion of 4-NP (Cannata et al. 2011). On further increasing
the ionic strength of solution to 0.02, the presence of salt
might have blocked some active sites of goethite, so 4-NP
molecules were hindered to combine with the sites of higher
bonding energy onto goethite surface, therefore, only a slight
increase in adsorption of 4-NP on goethite was observed and
such retention of 4-NP onto goethite was reversible. Similar
results were obtained by Wang et al. (2014) in an adsorption
study of phenol over modified activated clay. The increase
in adsorbed amount of 4-NP onto goethite with the increase
in ionic strength closely could be successfully described by
a quadratic equation and the relationship was found to be
statistically significant at p <0.01.
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Effect of temperature

A decrease in adsorption of 4-NP on goethite was observed
with increasing temperature and this clearly indicated that
adsorption of 4-NP was principally a physical adsorp-
tion (Fig. 6a). Desorption of 4-NP also increased with the
increasing temperature (Fig. 6b). The adsorbed amount of
4-NP onto goethite as well as its percent desorption followed
a close quadratic relationship with the temperature (signifi-
cant at p <0.01). These observations clearly indicated that
the bonding of 4-NP onto goethite surface was dominantly
a physical phenomenon possibly due to weak electrostatic
attractions or H-bonding. Senturk et al. (2009) also reported
similar types of results while studying adsorption of phenol
on an organo-bentonite.

The data on thermodynamic equilibrium constant (K°),
free energy- (AGr), enthalpy- (AHr) and entropy- (ASr)
change are presented in Table 2. A decrease in AGr and
AHr in the adsorption reaction of 4-NP on goethite indicated
that the adsorption of 4-NP was a spontaneous and exother-
mic reaction. As the value of enthalpy change was less than
40KJ mole™! the sorption of 4-NP by goethite appeared to be
mainly a physical process. In a study on the removal of 4-NP
from aqueous solution, Varank et al. (2012) also reported
that adsorption of 4-NP onto zeolites and bentonite was a

spontaneous and exothermic process. A positive value of
ASr indicated an increase in the randomliness of the system
due to H-bonding of 4-NP, dissociation of 4-NP induced
by direct bonding between surface Fe™ atoms of goethite
and 4-NP anion and release of OH™ ions in exchange of
4-NP anion. Kung and McBride (1991) also noted that the
deprotonation of monochlorophenol on goethite surface was
induced by the direct bonding between surface Fe atoms and
phenolate anion.

Conclusions and recommendations

Equilibration time for adsorption of 4-NP on goethite was
24 h which followed pseudo-second order kinetics. The
equilibrium pH of the solution of 4-NP and pH,,,. of goe-
thite controls the sorption of 4-NP onto goethite. Adsorp-
tion — desorption isotherms of 4-NP were closely related
to 4-NP/OH™ ratio indicating the exchange of OH from
goethite surface with 4-NP adsorption. An increase in ionic
strength favored sorption of 4-NP onto goethite. Adsorp-
tion of 4-NP under varying temperatures indicated that
adsorption of 4-NP onto goethite surface was dominantly
physical. Due to special physicochemical properties like
surface density and specific structure goethite mineral can
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be recommended for removal of the priority pollutant 4-NP,
a commonly found contaminant, in wastewaters released
from industries. According to the results of present inves-
tigation, the optimal conditions for the maximal removal
of 4-NP were 6.7-7.0 pH, 0.015-0.02 ionic strength, 15 °C
temperature with 1: 100 goethite (sorbent)-solution ratio.
However, more studies need to be undertaken for confirm-
ing the removal of other priority organic pollutants from
wastewaters using goethite as an adsorbent.
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