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The adsorption behavior of 2-nitrophenol (2-NP) and 2,4-dinitrophenol (2,4-DNP) on expanded per-
lite (EP) at equilibrium and kinetic conditions was investigated. The experimental equilibrium data were
interpreted by Langmuir, Freundlich, Redlich-Peterson, Temkin and the multilayer isotherm models. Both
the Temkin and the multilayer models gave the most satisfactory representation of the experimental data for
2-NP sorption on EP covering the whole concentration range, presuming high initial sorption rate, presence
of adsorbent-adsorbate chemical interactions and multilayer adsorption, as the basic characteristics featur-
ing the equilibrium behavior of the system studied. The experimental kinetic results were analyzed by the
pseudo-first, pseudo-second order models, Bangham’s model, intra-particle diffusion model, and Elovich ki-
netic equation. The values of the calculated rate, mass transfer parameters and correlation coefficients proved
that chemisorptions/intraparticle diffusion could be outlined as the basic rate controlling mechanisms during
2-NP/2,4-DNP sorption on expanded perlite. Uptake of nitrophenols increased in the order 2-NP < 2,4-DNP.
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NCIIMTYBAIBE HA MEXAHU3MOT HA COPIIUJATA HA HUTPO®EHOJIN
BP3 EKCITAHAWPAH MNEPINT-PAMHOTE KHU U KHHETUYKHU MOJIEJIMPAIBA

VcrutyBaHO € aTcopITIMOHOTO OfiHeCyBarbe Ha 2-HuTpoderon (2-NP) u 2,4-auautpodenon (2,4-DNP)
Ha ekcrianaupan nepiaut (EP). ExcriepumenaranHo noOuenute moparony ce odjacHeTH co JlaHrmyHupoBw,
@Opojumxosy, Pemmix-TlerepconoBr, TeMKHHOBH HM30TEpMH, KaKO M CO IMOBEKECIOCH M30TEPMEH MOEII.
TeMKHHOBHOT MOZIENl M TOBEKECIOJHHOT W30TEpPMEH MOJEN JaBaaT MHOTY 3aJI0BOJMTEIHO 00jacHYyBambe
Ha EKCIICPHMCHTAITHUTE Moparorm 3a copruujara Ha 2-NP Ha EP Bo 1ieiata 0o0acT Ha KOHIIGHTpAIMU TIPH
NPETIIOCTaBKA 32 BUCOKA MOYeTHA Op3MHA Ha COpIIIIMjaTa, NPUCYCTBO HA XEMHCKaTa MHTEPaKIHja arcCOpOeHT—
arcop0ar, Kako ¥ Ha MYJITHCIIOjHA aTCOPIILHja, KOU C& OCHOBHUTE OCOOMHHM Ha PAMHOTE)KHOTO OJHECYBAbC
Ha HCHUTYBAHHUOT CHCTEM. EKCHepI/IMeHTaHHI/ITe pe3yaTaTn €€ aHaJIM3HUpaHU CO MOJICIIUTE Ha KHUHCTHUKaA
O MICEBAO-NIPB, MNCEBAO-BTOP PEI, banxamoBuor MOJECJ, UHTPAYCCTUYHUOT )II/I(i)y3l/IOHeH MOJCJ, KakO U CO
EnoBnueBara kuHeTnuKa paBeHka. BpenHocTHTe Ha MpecMeTaHuTe Op3MHM, MapaMeTPUTE Ha MPEHOC Ha Maca
U KOPENAIMOHUTE KOC(HIIMECHTH MOKAKYBaaT JCKa XEMHCOPIIIMjaTa, OMHOCHO MHTpadecTH4Hara Audy3uja
MOJKE JIa CE CMETa 32 IJIaBeH KOHTPOJICH MeXaHu3aM Ha Op3uHara Ha coprimjara Bo cucteMot 2-NP/2,4-DNP na
SKCTIaHAUpaH MepiuT. BHecyBameTo Ha HUTPOCHOMH ce 3rojieMyBa criopes penot 2-NP < 2,4-DNP.

Koayunu 300poBu: arcopriuja; HUTpO(QEHOIN; eKCIaHAMPaH MEPINUT; pAMHOTEXkKA;
KMHETHUYKO MOZETIHPAhE



102 Zvezdelina Yaneva, Bogdana Koumanova, Nedyalka Georgieva

1. INTRODUCTION

Nitrophenols are known to be moder-
ately to highly toxic and recalcitrant environ-
mental pollutants, released in the aquatic com-
partment from a number of sources: pesticides
application; effluents from mine processing
facilities, foundries, metal finishing plants, re-
fineries, dye manufacturing plants, explosives
and insect control substances production, etc.
[1]. They create an oxygen demand in receiv-
ing water bodies. The Environmental Protec-
tion Agency (EPA) recommended drinking
water limit of 10 ug dm= for 2,4-DNP. It is
regulated as a priority pollutant by the Clean
Water Act [2]. 2,4-DNP interferes with bacte-
rial respiration, so unlike many hard-to-de-
grade organics, it is inhibitory to bacteria in
high concentrations [1, 3, 4]

Perlite is a representative of the group
of inorganic porous aluminosilicates. It is a
siliceous ryholitic volcanic glassy rock with
an amorphous structure, formed through the
rapid cooling and crystallization of lava [5, 6].
The presence of 4 — 6 % chemically bonded
water in its structure is a distinguishing fea-
ture which imparts its property to expand from
5 to 20 times its original volume when heated
rapidly at 900-1150 °C. At that temperature
the raw perlite beads pass into pyroplastic
state. Hence, the chemically combined water
vaporizes, causing the formation of numerous
open and latent pores that account for the light
weight, low bulk density and other exceptional
physical properties of expanded perlite: excel-
lent thermal and acoustical insulator, fire re-
sistance, etc. While the crude rock may range
from transparent light gray to glossy black, the
color of expanded perlite ranges from snowy
white to grayish white. Since perlite is a form
of natural glass, it is classified as chemically
inert and has a pH value of approximately 7.
Perlite is very cheap and easily available natu-
ral material. Basically EP is used for construc-
tion, horticultural and industrial applications
[7, 8]

During the last years literature reports a
number of investigations subjected to the ap-
plicability of natural minerals: perlites [8, 9],
bentonite, montmorillonite [10-12], zeolites
[13—15]; by-products and waste materials from
industry and agriculture [1, 16—-18] for substi-
tuted phenols adsorption from liquid phase.
Koumanova and Peeva-Antova proved the ef-
ficiency of perlite for 4-chlorophenol removal
from aqueous medium [8]. Satisfactory results
were obtained during the single-component
sorption of various dyes — Methyl Violet, Ba-
sic Blue 41 and Methylene Blue on expanded,
unexpanded and activated perlite [19-21]. Al-
kan and Dogan investigated the effect of pH
and temperature on the adsorption behavior of
H,SO, activated perlite towards Cu(Il) [22].
Other scientific teams proved the applicability
of EP as an alternative adsorbent for Ag, Cu,
Hg, Pb, Cd, Cr removal from aqueous solutions
[7, 23, 24].

The aim of this study was to evaluate the
adsorption capacity of expanded perlite as an
alternative adsorbent for mono- and dinitrophe-
nol adsorption from aqueous phase and to es-
tablish the mechanism of the proposed process
by comparative analyses of the applicability of
equilibrium (Langmuir, Freundlich, Redlich—
Peterson, Temkin and multilayer isotherm
models) and kinetics/mass transfer (pseudo-
first order, pseudo-second order, Elovich kinet-
ic models, Bangham’s equation and the intra-
particle diffusion model) models. The effect of
contact time, sorbent mass and sorbate nature
on the kinetic behavoiur of the systems studied
was investigated.

2. EXPERIMENTAL
2.1. Adsorbates

2-Nitrophenol (2-NP) and 2,4-dinitro-
phenol (2,4-DNP) (Merck, 99 %) were used as
adsorbates in the recent investigations, with-
out further purification. The physicochemical
and molecular properties of both nitrophenols
were presented elsewhere [7].

Maced. J. Chem. Chem. Eng. 31 (1), 101-114 (2012)



Study of the mechanism of nitrophenols sorption on expanded perlite — equilibrium and kinetics modelling 103

2.2. Adsorbent

The expanded perlite used in the recent
study as an adsorbent for 2-NP/2,4-DNP ad-
sorption was taken from deposits in the south-
ern part of Bulgaria. The material had not been
subjected to any treatment, i.e. it was applied
in its natural form. The chemical composition
and the physicochemical characteristics are
presented in Table 1. Its specific surface area
was determined on the basis of the Brunauer,
Emmet and Teller (BET) method using a Sorp-
tomatic 1900 (Fisons Instruments).

Table 1

Chemical content and physicochemical
characteristics of expanded perlite

SiO, 70-80 %
ALO, 10-15 %
Fe O, <1.5%
CaO <1.5%
MgO <1 %
K0, Na,0 <10 %
TiO, -

C.L. <5%
Specific surface area, m* g! 5.83

Specific pore volume at p/p° 0,99,cm’ g!  0.0216

Monolayer volume, cm? g! 1.3399
Mean particle size, dp, um 37
Mesopores (R 15-2,000 A) 98.6 %
Micropores (R < 15 A) 1.4 %

2.3. Equilibrium studies

The equilibrium experiments were ac-
complished using model solutions of 2-NP and
in distilled water. The investigations for the
mononitrophenol were carried out at tempera-
ture 1942 °C and pH 6.1+0.2. Solutions were in
the concentration range 5-30 mg dm~. Known
amounts of perlite, 0.3 g, were added to 100
cm® of the model solutions in screw cap jars.
The jars were shaken on a platform shaker. The
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solute from each jar was then filtered. The re-
sidual 2-NP concentrations in the liquid phase
(C.)were determined spectrophotometrically.
The corresponding values of 2-NP solid phase
concentrations (¢ ) were calculated by the mass
balance equation Eq. (1):

(c, —c.)V =(q.—q,)w (1)

where ¢, mg dm”, is the initial adsorbate
concentration in the liquid phase, ¢ = 0 and w,
g, is the adsorbent mass.

2.4. Kinetic studies

The kinetic experiments were conducted
in a standardized batch adsorber with a two-
bladed impeller with a Heidolph RZR 2100
motor [8]. The kinetic experiments were car-
ried out at initial 2-NP/2,4-DNP concentration
¢, 5 mg dm>, and masses of adsorbent w 1, 6,
10 g for 2-NP sorption and w 3, 4, 5 g for 2,4-
DNP sorption at agitation rate n 300 rpm.

SPECORD UV-VIS, Carl Zeiss Jena,
spectrophotometer was used for concentration
determinations at the corresponding wave-
lengths: A 272 nm for 2-NP; A 254 nm for
2,4-DNP. The working temperature was 1942
°C and pH 6.1+0.2. The pH was measured us-
ing a LHP 403T TACUSSEL pH-meter. Blanks
containing no adsorbate and replicates of each
adsorption point were used for each series of
experiments.

2.5. Equilibrium modelling

2.5.1. Langmuir model

The Langmuir isotherm model [25],
based on monolayer coverage of adsorbent sur-
faces by the adsorbate at specific homogeneous
sites within the adsorbent, is represented as:

_ K¢
1+CILC€’ (2)

e

q.
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where g , mg g, is the equilibrium sorbate con-
centration in the solid phase; ¢, mg dm™, is the
equilibrium sorbate concentration in the liquid
phase; @, dm’ mg™', and K, dm® g, are the
Langmuir isotherm constants, which are evalu-
ated through linearization of Eq. (2):

9. K, K, “ 3)

2.5.2. Freundlich model

The Freundlich model [26], based on
multilayer adsorption on heterogeneous surfac-
es with a non-uniform distribution of adsorp-
tion heat, is represented as:

q. = KF 'ceF ’ (4)

where K, dm® g, and n, — the heterogeneity
factor, are the Freundlich constants. Their val-
ues were determined from the linear form of the
Freundlich equation, given by:

logg, =logK, +n, .logc,. (5)

2.5.3. Redlich-Peterson model

The three parameter Redlich—Peterson
equation [27] is represented as:

K;.c,
R%e (6)

where a,, dm’ mg™', K ,dm’ g"',and b (0 <b <
1) are the isotherm constants. For b = 1 Eq. (6)
reduces to the Langmuir equation and for b =
0 — to Henry’s equation. The values of the three
parameters were determined by the linearized
form:

h{KR Lo _ lj =bln(c,) +In(ay).  (7)

e

2.5.4. Temkin model

The Temkin isotherm model [28] has
been developed on the concept of chemisorp-
tion and assumes that the heat of adsorption of
the sorbate molecules decreases linearly with
adsorbent layer coverage due to adsorbate-ad-
sorbent interactions. The equation and its lin-
earized form are represented as follows:

RT
q. == —In(K;c,), (8)

T

q,=BInK, +BnC,, )

where B, = RT/b,; b,, mol kJ'', is the Temkin
isotherm constant; K, dm’ mg™, is the equilib-
rium binding constant; 7, K, — the temperature
and R (8.314x107 kJ mol! K'!) — the universal
gas constant. The isotherm parameters, b, and
K, can be calculated from the slope and inter-
cept of the linear plot of ¢, vs In ¢, of Eq. (9).

2.5.5. Multilayer isotherm model
The multilayer adsorption isotherm mod-

el described by Wang et al. [29] is expressed by
the following equation:

.= 0,Kc,
e (1_K2ce)[1+(K1_K2)Ce], (10)

where O , mg g”', is the maximum monolayer
adsorption capacity, K, — the equilibrium con-
stant for the first layer adsorption, and K, — the
equilibrium constant for multilayer adsorption.
The second order polynomial form of Eq. (10)
is obtained by regrouping of the terms:

Maced. J. Chem. Chem. Eng. 31 (1), 101-114 (2012)
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o, K2 -KK)+e (K —2K,)+1

e

q. 0,k (11)

The values of Q_, K| and K, are obtained
by plotting ¢ /g, vs c, and adjusting to a second-
order polynomial equation.

2.6. Kinetics modelling

In order to investigate the mechanism of
2-NP and 2,4-DNP sorption on expanded per-
lite, the applicability of the pseudo-first order,
pseudo-second order, Elovich kinetic models,
Bangham’s equation and the intraparticle diffu-
sion model were examined.

2.6.1. Pseudo-first order kinetic model

The pseudo-first order equation repre-
sented by Lagergren [30] is expressed as:

dgq,

—k(q —
7 q.—q,)

: (12)

where ¢ and ¢, mg g, are the sorption capac-
ity at equilibrium and at time ¢, respectively,
and k,, min™', is the rate constant of pseudo-first
order sorption. After integration and applying
boundary conditions =0 z0 = and ¢, = 0 to
q,= q, the integrated form of Eq. (12) becomes:

k
loglg, —¢q,)=1o ~5303"
g, —q,)=logg, 2303 . (13)

To obtain the rate constants, the straight

line plots of log(g,—¢q,) against ¢ for the nitro-
phenol at different conditions were tested.

2.6.2. Pseudo-second order kinetic model

The pseudo-second order chemisorption
kinetic rate equation is expressed as [31]:
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dgq,
dt

=ky(9.~4,), (14)

where k,, g mg™' min™, is the rate constant of
pseudo-second order sorption. For the bound-
ary conditions t=0tos=trand g, =0tog,=q,
the integrated form of Eq. (14) becomes:

! =L+k2t_

g4.~4, 4. (15)

It can be rearranged in a linear form:

SR —— (16)

QI k 2 qf qe

where / can be regarded as the initial sorption
rate as g,/t—0, hence:

h=k,q,. (17)

2.6.3. Elovich kinetic model

Elovich kinetic model [32] is based on
chemisorption phenomena. It is expressed as:

dq
— = aexXp(—w- 1
” xp(—w-q). (18)

In order to simplify Elovich equa-
tion, Chine and Clayton [33] assumed that
-t >>1, and when the boundary conditions g =
0atz=0and g =q at ¢t =t, are applied the equa-
tion becomes

q, = iln(oz-a)) + e Int
10} 0] (19)

where g, mg g, is the adsorbate concentration in
the solid phase at time ¢, min; o, mg g ! min!, is
the initial adsorption rate, and w, g mg ', is related
to the extent of surface coverage and the activa-
tion energy for chemisorption. Eq. (19) can be re-
arranged as:
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qt = A+ B In¢, (20)

where 4 =1/wln(a-w)and B=1/w. The val-

ues of 4 and B can be calculated by the inter-
cept and slope of the linear plot of Eq. (20).

2.6.4. Bangham s equation

Bangham’s model [34] tests if pore diffu-
sion is the only rate controlling step of an ad-
sorption process. The model can be represented
by the following equation

log{log(c—”ﬂ =lo
¢, —4q,m

where ¢, mg dm™, is the initial sorbate con-
centration in the liquid phase; ¢, mg g — sor-
bate concentration in the solid phase at time ¢,
min; m, g dm> — adsorbent concentration; V,
dm’ — solution volume; k, dm g™, and ¢ (o <
1)- Bangham’s equation parameters.

k"—m +ologt
823037 &l
(21)

1.8

2.6.5. Intraparticle diffusion model

The rate parameter of intraparticle diffu-
sion [35] can be defined as:

qt = kito.s + ], (22)
where k, mg g'min™?, is the intraparticle diffu-
sion rate constant.

The k values were calculated from the
slopes of the straight line regions of the respec-
tive plots g, against #° and / is the intercept which
gives an idea about the thickness of the boundary
layer on the adsorbent surface.

3. RESULTS AND DISCUSSION
3.1. Adsorption equilibrium

The experimental equilibrium data of 2-NP
adsorption on EP were described by the Lang-
muir, Freundlich, Redlich—Peterson, Temkin and
the multilayer isotherm models (Fig. 1). The cal-
culated model parameters, regression coefficients
(R?), sum of square error (SSE) and root mean
of square error (RMSE) values are presented in
Table 2.

* p—
16 — .
| =
—
e s ey SN IRV PY T UL
g B anenpett®
=

*
0 2 4 6 8 10

# exp.data

e Redlich-Peterson model

12

e | angmuir model

----- Temkin model

14 16 18 20 22 24 26 28

C,, mgdm?3

e Freundlich model

== = Multilayer isotherm model

Fig. 1. Experimental isotherm, Langmuir model, Freundlich model, Redlich—Peterson, Temkin and
multilayer isotherm model of 2-NP adsorption on EP
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The experimental isotherm (Figure 1) was
concave and favourable, characterized with an
initial steep section. The maximum attained ad-
sorption capacity was g, 1.68 mg g'. The val-
ues of R? for the Temkin and the multilayer iso-
therm models (Figure 2) were commensurable
and the highest (Table 2).

Table 2

Values of the Langmuir, Freundlich, Redlich—
Peterson, Temkin and multilayer isotherm
model coefficients, SSE (Sum of Square Error)
and RMSE (Root Mean Square Error) for the
system 2-NP-expanded perlite

Model Coefficients R’ SSE  RMSE
Langmuir K, 0.5133

a. 0.2964 0.9365 0.1345 0.1640
i K, 0.6067

Freundlich n, 0.3029 0.9061 0.0902 0.1344
Redlich K,0.5133

Pe T q,0.6963 07815 0.1743  0.1867
eterson b 0.6960
il K, 0.4990

.”t;“y” K,0.0075 09407 0.1100 0.1484
1sotnherm Qm 1.3735
b,8.7721

Temkin K, 74532 (0.9538 0.1326 0.1629
B, 02777

However, according to the mode of the
experimental and model equilibrium curves,
obviously, the Langmuir model displayed good
correlation with the experimental data only for
the low and middle concentration range. Simi-
lar tendency was observed when the Freundlich
and Temkin models were applied. The model
isotherm predicted by the Redlich-Peterson
model, however, was more suitable for the mid-
dle and higher concentration ranges. The exper-
imental points outlined a distinct steep vertical
section in the low concentration region, where
a sharp leap of nitrophenol solid phase concen-
tration from 0 to 0.7 mg g was distinguished
(Figure 1).
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y =-0.0054x2 + 0.7061x + 1.4591 C,, mg dm3
R? = 0.9407

Fig. 2. Second order polynomial form of the multilayer
isotherm model for 2-NP adsorption on EP

Consequently, higher extent of adsorption
during the initial stages of the process could
be expected. The above stated conclusion was
consistent with the significantly higher value of
the equilibrium constant for the first layer ad-
sorption (K, 0.4990) than that for the multilayer
sorption (K, 0.0075), calculated by the multi-
layer model (Table 2). Hence, a greater number
of 2-NP molecules were sorbed on the first sor-
bent layer; however the process proceeded to
the inner layers of the solid particles, although
at a lower rate and smaller magnitude. Besides,
the proven applicability of the Temkin model
for the lower concentration region signified uni-
form distribution of binding energy and a linear
decrease of the heat of adsorption of the mole-
cules in the first layers with coverage of the ad-
sorbate on the surface of the adsorbent particles
[36, 37]. Moreover, the concept of chemisorp-
tion during these initial process stages was also
consistent. The monolayer capacity displayed
as K, /a, according to the Langmuir model was
1.73 mg g', while that calculated by the lin-
earized form of the multilayer isotherm model
was O 1.37mg g'. The observed difference in
the values of the monolayer capacity was logi-
cal, as the Langmuir model assumed monolayer
coverage of adsorbent surfaces by the adsorbate
at specific homogeneous sites within the adsor-
bent, while the multilayer model was based on
the conception of multilayer adsorption.



108

Zvezdelina Yaneva, Bogdana Koumanova, Nedyalka Georgieva

Based on these observations, it could be
concluded that both the Temkin and the multilay-
er models gave the most satisfactory representa-
tion of the experimental data for 2-NP adsorption
on EP covering the whole concentration range,
presuming high initial sorption rate, presence of
adsorbent-adsorbate chemical interactions and
multilayer adsorption, as the basic characteristics
featuring the equilibrium behavior of the system
studied.

3.2. Adsorption kinetics

The study of adsorption kinetics in waste-
water treatment is significant as it provides valu-
able information for the magnitude and mecha-
nism of the proposed process. Kinetics describes
the solute uptake rate, which in turn controls the
residence time of sorbate uptake at the solid-lig-
uid interface.

The effect of contact time, adsorbent mass
and adsorbate nature on the kinetics of 2-NP and
2,4-DNP on the natural material EP was exam-
ined. The mechanism of the process studied was
analyzed on the basis of a comparative estima-
tion of the applicability of the pseudo-first order,
pseudo-second order, Elovich kinetic models;
Bangham’s equation and the intraparticle diffu-
sion model.

13 ‘L”——J

. "///

11 /

. /o
4

09 /

% o8 1‘0
r
i SN S

0 10 20 30 40 50 60 70 80 90 100
t, min
® wlg-exp.data

A w10g-exp.data
— W 6 g - pseudo-second order model curve

B w6g-exp. data
e W 1 g - pseudo-second order model curve
------ w 10 g - pseudo-second order model curve

Fig. 3. Experimental and pseudo-second order model
kinetic curves for 2-NP adsorption on EP

q, mggt

;:‘.
»

The experimental kinetic curves for 2-NP
and 2,4-DNP sorption on EP, presented as a plot
of g, vs t, are displayed in Figures 3 and 4, re-
spectively. The equilibrium adsorption capacity
for both systems decreased (from 1.36 to 0.31
mg g for 2-NP-EP; from 1.58 to 1.09 mg g' for
2,4-DNP-EP) with the adsorbent mass increase.
The adsorbent loading increased when its mass
was decreased, as a unit sorbent mass contacted
a greater number of sorbate molecules. The sorp-
tion rate in the initial stages of the process was
the highest. The system 2,4-DNP — EP reached
equilibrium, indicated by the horizontal section of
the kinetic curves, approximately 30 min after the
beginning of the process, while the system 2-NP -
EP after 50-60 min.

The values of the calculated models pa-
rameters and regression coefficients are pre-
sented in Tables 3, 4. Obviously, the pseudo-
second order model characterized with the
highest values of the correlation coefficients
(R,>>0.9973) (Figure 5) for both systems, sig-
nifying the dominating role of chemisorption
during mono- and dinitrophenols sorption on
the mineral. The comparative analyses of the
mode of the experimental and pseudo-second
order model kinetic curves (Figures 3 and 4),
as well as the much more reasonable values of
the calculated equilibrium capacities (¢ ,) com-

1.8

16

e

12 e
/," I S O . St hutid b il it el ¥
1

......

0.8

0.6

0.4

0.2

0 &
0 5 10 15 20 25 30 35 40 45 50 55 60
t, min

& w3g-exp. data
M wd4g-exp. data
A w5g-exp. data

e— W 3 g - pseudo-second order model
----- w 4 g - pseudo-second order model
«= «= W5 g - pseudo-second order model

Fig. 4. Experimental and pseudo-second order model
kinetic curves for 2,4-DNP adsorption on EP
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pared to g,,, obtained by the pseudo-first order
model also evidenced the latter conclusion. Al-
though the values of the regression coefficients
of the Elovich kinetic model (R ) were lower
than R?, a direct correlation between perlite
mass, w, and the values of kinetic parameter w
for both systems was observed, i.e. an outlined
tendency of increasing the extent of surface
coverage and the activation energy for chemi-
sorption was established.

The commensurable and relatively high
values of R*> and R* for both studied systems,
calculated by the Bangham’s and the intrapar-

Table3

ticle diffusion models proved the significant role
of intraparticle diffusion as one of the probable
rate controlling mechanisms during nitrophenols
adsorption on expanded perlite. The inversely
proportional relationship between the values of
the intraparticle rate parameters k_ and &, (Tables
3, 4), and sorbent mass indicated reduction of
the intraparticle diffusion rate. Consequently, the
larger solid phase amount defined larger external
mass transfer surface area available for adsorp-
tion, followed by a sharp decrease of sorbate
concentration in the liquid phase, and respec-
tively a decrease in the process driving force.

Values of the kinetic and diffusion parameters characterizing
2-NP sorption on expanded perlite

Pseudo-first order

model k,, min’' q,,mgg' ¢, ,mgg’ R?

lg 0.0928 1.18 1.36 0.9741

6g 0.1172 0.37 0.42 0.9552

10g 0.1366 0.27 0.31 0.9420
Pseudo;iiczlc;rlld order k,gmg'min' ¢, mgg' ¢ ,mgg' h mgg' min' R}

lg 0.1361 1.45 1.36 0.2862 0.9983

6g 0.6066 0.44 0.42 0.1174 0.9986

10g 0.8675 0.32 0.31 0.0888 0.9977
Bangham’s equation ky, dm? g! o R}

lg 0.1204 0.4107 0.9872

6¢g 0.0497 0.3537 0.9771

10g 0.0435 0.2865 0.8253
Elovich model A B w,gmg!  a,mgg’' min’! R’

lg 0.2540 0.2893 3.4566 0.6961 0.9699

6g 0.1158 0.0831 12.0337 0.3348 0.9494

10g 0.1053 0.0514 19.4553 0.3987 0.8241
Intrapar;(;}(ele(lhffusmn k, mg g 'min % / R?

lg 0.2403 0.1145 0.9887

6g 0.0722 0.0681 0.9857

10g 0.0520 0.0582 0.8641
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Table 4

Values of the kinetic and diffusion parameters
characterizing 2,4-DNP sorption on expanded perlite

Pseudo-first order

model k, min! q,,mg g! 9, Mg g’! R12

3g 0.3160 1.42 1.58 0.9560

4¢g 0.1658 0.90 1.36 0.9385

5g 0.0419 0.68 1.09 0.6093
Pseudo;lslf)(;ioe?d order k,gmg'min" ¢, mgg' ¢, ,mgg' h mgg' min’ R}

3g 0.4326 1.68 1.58 1.2274 0.9973

4¢g 0.4148 1.44 1.36 0.8582 0.9982

5¢g 1.1052 1.12 1.09 1.3945 0.9996
Bangham’s equation ky, dm® g! o R}

3g 0.2764 0.4461 0.9666

4¢g 0.2895 0.3089 0.9780

5¢g 0.3013 0.2537 0.9892
Elovich model A B w,gmg!  a,mgg’ min’ R’

3g 0.6772 0.3754 2.6638 2.2800 0.9476

4¢g 0.6853 0.2192 4.5620 4.9958 0.9738

5¢g 0.6872 0.1495 6.6890 14.8231 0.9923
Intraparltlllcolge?ffumon k, mg g 'min 3 / R?

3g 0.4072 0.3199 0.9770

4¢g 0.1984 0.5438 0.9570

5g 0.2209 0.4615 0.9986

350

A
300 /

250

200

150
8
100 /
- .

t/q,, min g mg?

50 ey a—
|
0
0 10 20 30 40 50 60 70 80 9 100
y=0.691x + 3.4941 y=2.2438x + 8.5151 y=3.1334x+11.257 min
R?=0.9983 R?=0.9986 R2=0.9977
owlg Bwég Aw10g

Fig. 5. Pseudo-second order kinetic model for the system 2-NP-EP
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The experimental kinetic data for 2-NP/2,4-
DNP sorption on perlite were modeled by Bang-
ham’s equation based on the assumption that pore
diffusion was the only rate controlling step during
adsorption. The values of the correlation coeffi-
cients (RB2) (Tables 3, 4) calculated by the double
logarithmic plots (Figure 6) were relatively high
but lower than R? values for both investigated
systems. Thus, definitely the contribution of pore
diffusion to the overall mechanism of nitrophenols
adsorption could not be neglected, and it could
even turn up as one of the rate limiting mecha-
nisms during the different process stages.

-0.1

-0.2

-0.3

= L —
E —a
& 0.4
‘o
o
S s & ;
= |
S 06
N e n
= 07
B .
038
0.9
-1
v = 0.4461x - 0.9045 y =0.3089x - 0.7595 y=0.2537x - 0.6453
R? = 0.9666 R?=0.978 R? = 0.9892
ow3g Bwiag Aw5g

Fig. 6. Linear form of Bangham’s model applied
for the system 2,4-DNP - EP

The straight line plots of #/g, vs %, repre-
senting the intraparticle diffusion model, have also
been analyzed. For a great number of sorbents,
these plots are multilinear, i.e. depicting the in-
fluence of two or more rate controlling steps dur-
ing adsorption, as well as intraparticle diffusion
in pores with different size. The plots presented
in Figures 7 and 8, for the systems 2-NP-EP and
2,4-DNP-EP, respectively, characterized with a
short initial portion, related to possible external
mass transfer effects, followed by two linear sec-
tions: the first attributed to diffusion in the meso-
pores of the sorbent and the second — to micropore
diffusion. The latter conclusion was supported by
the fact that expanded perlite belongs to the group
of the mesoporous sorbents (Table 1). The param-
eter / is associated with the thickness of the bound-
ary layer. Consequently the higher determined 7/

Maced. J. Chem. Chem. Eng. 31 (1), 101-114 (2012)
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values for the system 2,4-DNP-EP (Table 4) were
indicative for the more significant influence of ex-
ternal mass transfer during dinitrophenol adsorp-
tion on the natural mineral when compared to the
mononitrophenol sorption (Table 3).
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Fig. 7. Intraparticle diffusion model applied for
the system 2-NP-EP
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Fig. 8. Intraparticle diffusion model applied for the
system 2,4-DNP-EP

The comparative analyses of the applica-
bility of the tested kinetic models proved un-
doubtedly that both chemisorption and intra-
particle diffusion could be outlined as the basic
rate controlling mechanism during nitrophenols
sorption on expanded perlite.

According to a number of scientific in-
vestigations the adsorption activity of EP was
due basically to the presence of surface hydrox-
yl groups in its structure. The surface Si atoms
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sustained their tetrahedral coordination with
O-atoms. The latter spatial position was stabi-
lized at room temperature through the binding
of monovalent OH-groups and the formation of
silanol groups. It is theoretically possible that a
single Si-atom was bonded to two or three OH-
groups, hence silanediol or silanetriol groups
were formed. Besides, the OH-groups on the
surface are bonded with Al-atoms [38].
Although the recent investigations dem-
onstrated similar trends and correlation rela-
tionships between the analyzed kinetic and
mass transfer parameters, it should be empha-
sized that they represent two different classes
of substituted phenols. Due to differences in
their molecular structures they exhibit specific
physical and chemical properties and were re-

12 |
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5 10 15 20 25 30 35 40 45 50 55 60
t, min
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s 2-NP - pseudo-second order model curve

Fig. 9. Comparison of the experimental and pseudo-
second order model kinetic curves of 2-NP and
2,4-DNP sorption on EP

sponsible for some deviations in their sorption
behavior.

The effect of adsorbate nature on the
mechanism of the sorption process was as-
sessed by comparison of the kinetic curves for
both nitrophenols (Figure 9) obtained at equal
initial sorbate concentrations — ¢, 5 mg dm™,
perlite mass 6 g for the experiment with 2-NP
and 5 g for the experiment with 2,4-DNP and
equal agitation rate n 300 rpm. The maximum
adsorption capacity of EP for 2,4-DNP (g
1.09 mg g') was 2.6 times higher than that

for 2-NP (¢.* 0.42 mg g'). Thus, during the
parallel batch equilibrium experiments a great-
er relative part of 2,4-DNP molecules were
sorbed on the surface and in the pores of the
sorbent particles. Probably the second NO,-
group in the 2,4-DNP molecule in paraposi-
tion in the aromatic ring displayed affinity for
electron exchange activities. While the O-atom
from the NO_-group in orthoposition for 2-NP
and 2,4-DNP is capable of forming an intramo-
lecular hydrogen bond with the H-atom from
the OH-group. Thus, it could hardly participate
in chemical reactions and is responsible for the
lower solubility of 2-NP in water compared to
2,4-DNP, where the OH-group in paraposition
does not form a hydrogen bond with the NO,-
group. From another aspect, as stated above,
expanded perlite belongs to the group of the
mesoporous sorbents. Hence, considering that
the effective molecular diameters of the nitro-
phenols studied: 0.813 nm for 2-NP and 0.872
nm for 2,4-DNP, are smaller than perlite pore
sizes, the assumption of dimensional limita-
tions seemed inconsistent. The linear regions
displayed in Figure 7 for 2-NP adsorption ac-
cording to the intraparticle diffusion model
were considerately more explicit that those for
the system 2,4-DNP — expanded perlite (Figure
8). One of the probable reasons could be either
pore blockage by the larger dinitrophenol mol-
ecules or retention of the organic molecules on
the mesopore walls resulting from chemical in-
teractions. Analogous behavior during mono-
and dinitrophenols sorption on the clay mineral
yellow bentonite was observed in previous our
investigations [12].

4. CONCLUSIONS

The equilibrium adsorption behavior of
2-NP on expanded perlite from aqueous me-
dium was investigated. The Temkin and the
multilayer isotherms provided the best correla-
tion between the experimental and theoretical
results. The theoretical kinetic curves of 2-NP

Maced. J. Chem. Chem. Eng. 31 (1), 101-114 (2012)
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and 2,4-DNP adsorption, obtained at different
sorbent masses, on EP predicted by the pseu-
do-second order model displayed an extremely
high degree of correlation (R,*> > 0.9973) with
the experimental data. Consequently, the major
rate limiting step might be chemical adsorp-
tion or chemisorption involving valency forces
through exchange of electrons between the sor-
bate and the sorbent, however, the contribution
of pore diffusion to the overall mechanism of
nitrophenols adsorption could not be neglected.
The disubstituted nitrophenol exhibited higher
affinity to expanded perlite than 2-NP.
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