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ABSTRACT

In this study, a generalized kinetic equation was proposed to simulate adsorption behaviors
in batch systems and several useful kinetic equations were deduced. The results indicated
that the amount of nitrate uptake increased rapidly in the initial stage, followed by a slower
process until adsorption equilibrium was reached after approximately 1.5 h. The rate con-
stant was a function of the initial nitrate concentration. The adsorption and desorption rate
constants quantitatively reflected the adsorption and desorption reactions at the solid/solu-
tion interface. The adsorption and desorption processes for nitrate adsorption followed
identical reaction order. The kinetic parameters (adsorption and desorption rate constants,
half-time and instantaneous rate) provided by these kinetic equations are of significant
importance for the understanding of adsorption mechanisms.

Keywords: Nitrate adsorption; Chitosan; Kinetic models; Rate constant; Instantaneous rate;
Half-time

1. Introduction adsorbents, the design of adsorption systems and the
analysis of investment costs [3], but it is also essential
to predict kinetic parameters and provide useful infor-
mation for explaining adsorption mechanisms [5].
Adsorption is generally regarded as a reversible
two-way process in which an adsorbate spontaneously
aggregates on the adsorbent surface through the
solid /solution interface [6-8]. According to some gen-
erally expressed views, the adsorption process can be
described by four consecutive kinetic steps, in which
the lowest step is assumed to be the rate-determining
step that controls the overall adsorption rate [9].
Intraparticle diffusion and surface reaction on the
*Corresponding author. adsorbent surface are the primary rate-determining

Adsorption is an attractive and promising tech-
nique for reducing pollutants in natural and industrial
systems, contributing to addressing increasingly seri-
ous environmental and public problems [1,2]. Among
various treatment techniques, adsorption has gained
wide acceptance and popularity for the purification of
municipal and industrial wastewaters due to its
advantages of ease of operation, simplicity of design
and low cost [3,4]. Study of adsorption kinetics is not
only indispensable to the selection of suitable
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steps in the process of adsorption [10]. Moreover,
Haerifar and Azizian reported that the intraparticle
diffusion model was applicable when the rate-deter-
mining step was the mass transfer of adsorbate to
adsorption sites on the adsorbent surface, while other
models should be used for the description of adsorp-
tion kinetics when the overall adsorption rate was
controlled by the rate of surface reaction [2]. Accord-
ingly, it is exceedingly important to investigate kinet-
ics and equilibrium in adsorption studies. Although
various isotherm equations have been extensively
reported, the theoretical basis of adsorption kinetics
received less attention owing to the complexity of its
theoretical description and the difficulty of establish-
ing an adsorption equation for a given adsorption
system [11].

The pseudo-first-order and pseudo-second-order
kinetic equations [12,13] proposed as empirical models
have been successfully utilized to describe the adsorp-
tion kinetics at the solid/solution interface due to the
simplicity of mathematical expressions and their good
fit with experimental results. It should be noted that
the use of them requires the assumption that the rate
of the adsorption chemical reaction controls the over-
all adsorption kinetics [2], which is intuitively con-
nected with the corresponding one-site and two-site
occupancy adsorption kinetic models governed by the
rate of the surface reaction [14]. However, these two
equations failed to provide the adsorption and desorp-
tion rate constants. Consequently, to describe adsorp-
tion and desorption behaviors at the solid/solution
interface, kinetic models that represent the time
dependency of the adsorption and desorption pro-
cesses should be developed.

In the present study, the theoretical basis and
application conditions of three traditional kinetic equa-
tions were first analyzed. A generalized kinetic equa-
tion was proposed and some derived kinetic equations
with exact analytical solutions were employed to fit
with the experimental data. The feasibility of
these novel kinetic models was investigated by analyz-
ing the kinetics of nitrate adsorption on granular
chitosan—Fe(III) complex.

2. Materials and methods
2.1. Materials

In this study, the various required concentrations
of nitrate solution were prepared with deionized
water. All of the chemicals were used as received and
are listed in Table 1.
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2.2. Adsorbent synthesis

A certain amount of ferric chloride was added to a
beaker containing 300 mL of deionized water and then
continuously stirred at room temperature for 20 min.
The pH value of FeCl; solution was 1.78. Subse-
quently, 10 g of chitosan powder was adequately dis-
solved in FeCl; solution for 2.0 h. Chitosan—Fe(III)
hydrogel beads were prepared by dropwise addition
of this chitosan solution to an alkaline coagulating
mixture (H,O:NH;-H,O:CH;CH,OH 3:2:1, v/v). After
being stabilized for 1.0 h, the hydrogel beads were
separated, sufficiently washed with deionized water,
and then dried at 50°C for 8.0 h in an oven. The dried
beads were immersed in deionized water at 50°C for
4.0 h in a horizontal shaker. After separation, washing,
and drying, granular chitosan-Fe(Ill) complex was
obtained.

2.3. Kinetic experiments

One hundred milliliters of nitrate solution (20, 40,
60, 80, and 100 mg L™ (as N)) was poured into 250-
mL conical flasks containing adsorbent (2.0 g), which
were then agitated at 120 rpm and 20°C in a thermo-
static shaker. One milliliter of the sample solution was
taken from these conical flasks at certain time intervals
to analyze the residual nitrate concentration. The
kinetic experiments for each initial nitrate concentra-
tion were performed in duplicate to obtain better
accuracy.

The amount of nitrate adsorbed per unit mass of
adsorbent was calculated at time ¢ using the following
equation [15]:

(Co — Cf) xV
=371 (1)
where g, (mgg™") is the amount of nitrate nitrogen
adsorbed at time t; Cy (mgL™") and C, (mgL™") are
the nitrate nitrogen concentrations at the initial time
and at time ¢, respectively; V (L) is the working vol-
ume; and M (g) is the mass of adsorbent used.

2.4. Analysis

The concentration of nitrate was measured though
a standard colorimetric method using a UV/vis spec-
trophotometer (DR 6000, HACH, USA) with a mini-
mum detectable concentration of 0.08 mg L™ (as N).
The pH value was determined using a pH meter
(SevenMulti S40, METTLER-TOLEDO, Switzerland).
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Table 1
Chemicals used in this study
Molecular Molecular Assay
Chemicals formula weight CASno.  Source (%) Grade
Chitosan (CeH11NOy),, 161.2n 9012-76-4  Sinopharm Chemical Reagent Co., 80-90 BR
Ltd
Ferric chloride  FeCl;-6H,O 270.29 7705-08-0  Tianjin Fuchen Chemical Reagents 99.0 AR
Factory
Ammonia NH; 17.03 1336-21-6  Beijing Chemical Works 25 AR
solution
Ethanol C,HO 46.07 64-17-5 Beijing Chemical Works 99.5 AR
Potassium KNO; 101.10 7784-27-2  Beijing Chemical Works 99.0 AR
nitrate
Sulfamic acid H;NO35S 97.09 5329-14-6  Shanghai Zhanyun Chemical Co., 99.5 AR
Ltd
Hydrochloric HCl1 36.46 7647-01-0  Beijing Chemical Works 36-38 AR
acid

3. Theoretical analysis
3.1. Adsorption kinetics

It is generally considered that adsorption and des-
orption occur simultaneously at the solid/solution
interface. The solute concentration in aqueous solution
remains constant when the adsorption equilibrium
appears. It should be assumed that residual solute at
equilibrium fails to participate in adsorption reaction.
In adsorption studies, it is difficult to predict the order
of the overall reaction, which is attributed to the fact
that adsorption is an extremely complex process
involving various adsorption mechanisms such as
electrostatic attraction, ion exchange, external or inter-
nal mass transfers, and surface reactions [16,17].

Based on the above analysis, to more accurately
forecast the variation trend of solute uptake with time,
the differential form of the pseudo-nth-order kinetic
equation was defined as follows [18]:

ko 1) @
where g. (mg g”") and g, (mg g”") are the amounts of
solute adsorbed per unit mass of adsorbent at equilib-
rium and at time ¢, respectively; k, (g"' mg'~" min™")
is the pseudo-nth-order rate constant; n (n # 1) stands
for the order of the whole reaction, which was a real
number; and ¢t (min) is the contact time. The inte-
grated form of Eq. (2) at the boundary conditions ¢ =0
tof=tand g, =0 to q; = g; is given as follows:

1 =
qr = 4ge [1 — (1 (= 1)q31t> ] 3)

In particular, when the adsorption process obeyed
first-order and second-order kinetics, two widely used
kinetic equations could be obtained from Eq. (3),
which are the so-called pseudo-first-order and
pseudo-second-order kinetic equations. Substituting
n=1 and n=2 into Eq. (2), the integrated forms of
the pseudo-first-order and pseudo-second-order
kinetic equations are given as follows:

i = qe[1 — exp(—kit)] )

1
qr = 4ge (1 - TIW) ®)

where k; (min™") and k, (gmg 'min') are the
pseudo-first-order and pseudo-second-order rate con-
stants, respectively.

It is not difficult to find that the above kinetic
equations can be employed to describe a reversible
adsorption/desorption process. This partly explains
why these kinetic equations have been widely used to
describe adsorption reactions at the solid/solution
interface since they were proposed. Marczewski
reported that the pseudo-first-order kinetic equation
could describe typical diffusion-dependent kinetics
[19]. According to Karadag et al., if the adsorption rate
was controlled by chemical exchange, the pseudo-
second-order kinetic equation was well fitted with the
experimental data [20]. Furthermore, as suggested by
Rudzinski and Plazinski, the pseudo-first-order and
pseudo-second-order kinetic equations may describe
adsorption systems with highly heterogeneous solid
surfaces [14].
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3.2. Modification of adsorption kinetics

Adsorption kinetics is typically characterized by a
diffusion-dependent process in which the concentra-
tion gradient as a driving force overcome mass trans-
fer resistance at the solid/liquid interface [21]. Kinetic
equations are primarily employed to obtain several
important kinetic parameters and provide useful infor-
mation for adsorption mechanisms. Therefore, it is
extremely essential to establish an equation that can
simultaneously describe adsorption and desorption
behaviors at the solid/solution interface.

The pseudo-first-order and pseudo-second-order
kinetic equations have been widely employed to
describe kinetic data obtained under non-equilibrium
conditions in recent years [7]. Their success undoubt-
edly reflects their ability to fit a wide variety of kinetic
data quite well, but it may also partly reflect the
appealing simplicity of the kinetic equations. Never-
theless, these equations did not give the adsorption
and desorption rate constants or account for the fac-
tors influencing equilibrium solute uptake. Thus, it is
difficult to know the extent of adsorption reactions
and how to optimize experimental conditions to pro-
mote equilibrium solute uptake. As a result, it is
exceedingly necessary to modify the above adsorption
kinetic equations.

To establish more reasonable kinetic models and
analyze the theoretical basis of the kinetic equations,
the initial content of solute in aqueous solution was
converted to the amount of solute per unit mass of
adsorbent, which was defined as follows:

_CQXV

i (6)

Q

where Q (mg g™") is a constant for a given adsorption
system.

Based on the above analysis, a generalized kinetic
equation was first proposed, which was defined as
follows:

d n b}
o= k(Q—a)" kg %

where k, and k4 are the adsorption and desorption
rate constants, respectively; and n; and n, are the
orders of adsorption and desorption reactions,
respectively.

Several useful equations can be obtained from Eq.
(7) despite the fact that this equation fails to provide
an analytical solution.
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If n; =1 and n, =1, the integrated form of kinetic
model I is expressed as follows:

k.Q
s {1 — exp[—(ka + ka)]} (©)

qr =

If ny=2 and np, =2, the integrated form of kinetic
model II is expressed as follows:

kaQ Q V kakd 2

qr = - 1-
ko —ka ka—k katv/ka
d d 1— j;:% exp (2Qvk.kqt)
)

If ny=1 and n,=2, the integrated form of kinetic
model III is expressed as follows:

k| VERKQTE
AT 2k,
2
1 - erVARO exp (y/4kakaQ + K2t)

ka—/4kakgQ+12

x |1—

(10)

If ny=2 and ny=1, the integrated form of kinetic
model IV is expressed as follows:

ke \/%kkeQ + R

B=Qt g, T,

2
- RO ERGT o [k, + R
1 %0 ke /BkQ R P dkakaQ + kgt
1mn

Adsorption and desorption rate constants can be
obtained from the nonlinear fitting curve of g, vs. ¢,
while the calculation of equilibrium solute uptake and
the zero-order reaction can be found in the Supple-
mentary materials. It should be mentioned that the
proposed novel kinetic models include a time-
dependent exponential term, implying that solute
uptake exponentially approaches a limiting value in
the batch system. Therefore, adsorption occurs rapidly
in the initial stage, followed by a slow step until equi-
librium. The adsorption process primarily consists of
three steps [8,16,22]: (i) diffusion through boundary
layer around the sorbent to access the adsorbent
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surface (film diffusion); (ii) diffusion along the
adsorbent pores to access the active sites (intraparticle
diffusion); and (iii) adsorbate adsorption on the active
sites (physisorption or chemisorption).

4. Results and discussion
4.1. Adsorption performance

Contact time and initial solute concentration are
two vital factors influencing equilibrium solute uptake
and effluent concentration for a given adsorption sys-
tem. As illustrated in Fig. 1, it was observed that the
amount of nitrate adsorbed increased rapidly in the
first 20 min, followed by a slower process until adsorp-
tion equilibrium was reached after approximately 1.5 h
for each initial nitrate concentration. This meant that
nitrate adsorption on the granular chitosan—Fe(III)
complex was typical of the specific adsorption process
in which the adsorption rate is normally dependent
upon the number of available adsorption sites on the
adsorbent surface and is eventually controlled by the
attachment of nitrate ions on the surface [23,24]. More-
over, as shown in Table 2, the amount of nitrate
adsorbed at equilibrium was found to increase with
the increase in initial nitrate concentration. This behav-
ior was ascribed to the fact that the increase in the
number of nitrate ions induced a shift of the adsorp-
tion equilibrium toward favorable adsorption. How-
ever, the limited adsorption sites fail to accommodate
nitrate ions at high concentration for a certain amount
of adsorbent, leading to an increase in the effluent con-
centration. Consequently, identifying the ratio of initial
nitrate concentration to adsorbent dosage is of extreme

35
3.0
25-
o 2.0
[=]
£
=~ 151
o
1.0
—=—20mgL' —e—40mgL’
0.54 ——60mgL' ——80mgL"'
—+—100mg L™
00 T T T T T T 1
0 20 40 60 80 100 120

t (min)

Fig. 1. The effects of contact time and initial nitrate concen-
tration on nitrate removal.
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significance for achieving high adsorption capacity and
low effluent concentration.

4.2. Comparison of various kinetic equations

In the present study, the coefficient of determina-
tion (R?) [25] and chi-square analysis (1) [26] were uti-
lized to evaluate the goodness of fit of various kinetic
equations to the experimental data and were defined
as follows:

R2 — Z(qcal - qi‘)z (12)
Z(qcal - l7t)2+ Z(%:al - Qexp)z

2 (Qexp - EIcal)z
g =y oo o)

Gcal

(13)

where ge., (mg g) is the experimental nitrate uptake
at time #; g (mg g ') is the calculated nitrate uptake;
and 7; (mg g~ is the average value of fexp.

It can be clearly seen from Fig. 2 that the three tra-
ditional kinetic models are fitted well with the experi-
mental data. Similar results were found for other
initial nitrate nitrogen concentrations (data not
shown). However, there were some subtle differences
between these fitting results. As shown in Table 2,
compared with the pseudo-second-order kinetic
model, the pseudo-first-order kinetic model provided
equilibrium nitrate uptake closer to the experimental
nitrate uptake for each initial nitrate concentration.
The pseudo-nth-order kinetic model had the highest
coefficient of determination value and the lowest chi-
square value. Moreover, the order of the overall reac-
tion obtained from the pseudo-nth-order kinetic model
was a non-integer (near 1) for each initial nitrate con-
centration, indicating that nitrate adsorption on granu-
lar chitosan-Fe(Ill) complex is an extremely
complicated process that obeys the pseudo-first-order
kinetic model. It should be stressed that the pseudo-
nth-order kinetic model was independent of the order
of the overall reaction and thereby provided better
correlation between the fitting results and the experi-
mental data.

It can be observed from Fig. 3 that the novel
kinetic models provided good correlation for the
experimental data. Similar results were obtained for
other initial nitrate concentrations (data not shown).
As detailed in Table 3, the value of the coefficient of
determination was higher than 0.99 and the chi-square
value was lower than 0.01 for each nitrate concentra-
tion when using these kinetic models, suggesting that
these kinetic models were fitted well with the
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Table 2
Kinetic parameters obtained from pseudo-first-order, pseudo-second-order, and pseudo-nth-order kinetic models
Co (mg L™ fexp (Mg g ") Gear (mg g ") ky (min™) R? e
Pseudo-first-order kinetic model
20 0.939 0.930 8.79 x 1072 0.9995 496 x107°
40 1.685 1.684 7.37 x 1072 0.9992 2.73 x 107*
60 2.397 2.383 6.90 x 1072 0.9980 1.38 x 107
80 2.894 2.884 6.54 x 1072 0.9975 254 x107°
100 3.326 3.311 5.94 x 1072 0.9964 471 %1072
Co (mg L™ feal (Mg g7 k> (g mg ™' min™") R? 7
Pseudo-second-order kinetic model
20 1.046 0.1124 0.9912 9.09 x 107*
40 1.926 484 %1072 0.9926 2.56 x 107
60 2.745 3.11x107° 0.9950 3.48 x 107
80 3.344 2.38 x 1072 0.9955 4.62x107°
100 3.884 1.80 x 1072 0.9959 5.58 x 107
Co (mg L™ Jeal (MG g_l) n k., (g”_1 mgl_” min~") R? 7
Pseudo-nth-order kinetic model
20 0.940 1.104 9.29 x 1072 0.9999 1.72 x 107°
40 1.701 1.121 7.27 x 1072 0.9996 1.38 x 107*
60 2.439 1.225 6.13 x 1072 0.9992 590 x10°*
80 2.968 1.256 5.40 x 1072 0.9990 1.15x 1072
100 3.445 1.308 444 %1072 0.9983 257 %x107°
nitrate concentration, but it also provided an equilib-
5 - . rium nitrate uptake closer to the experimental nitrate
' R uptake. Kinetic model I and kinetic model II are supe-
o rior to kinetic model III and kinetic model IV, respec-
291 i tively, from the viewpoint of nitrate uptake, indicating
- ] ) that the adsorption and desorption processes for
o 151 N DN R nitrate adsorption on granular chitosan—Fe(Ill) com-
g | 4 2 === Pseudo-first-order kinetics . . .
£ - - - - Pseudo-second-order kinetics plex followed identical reaction order. It should be
= 1.0 — Pseudo-nth-order kinetics noted that kinetic model I was the most suitable for
describing nitrate adsorption because the fitting result
0.5 - (9ca) Was closest to the experimental data (gexp) among
four the new kinetic models.
0.0 T T T T T T
0 20 40 60 80 100 120

t (min)

Fig. 2. Kinetic studies of nitrate removal with an initial
concentration of 60 mg L™" (as N).

experimental data. Kinetic model I is superior to the
pseudo-first-order kinetic model because kinetic model
I provides adsorption and desorption rate constants
that are beneficial to understanding the interfacial
process in the batch system. Compared with the
pseudo-second-order kinetic model, kinetic model II
not only had a higher coefficient of determination
value and a lower chi-square value for each initial

4.3. Half-time

In the present study, half-time was proposed as a
better reflection of the variation trend of nitrate uptake
with time. Half-time is defined as the time required
for the amount of nitrate ions to decease by half (see
the Supplementary materials). As illustrated in Table 3,
the value of the half-time increased significantly with
the increase in initial nitrate concentration. It is not
difficult to understand that large amounts of available
adsorption sites adsorb nitrate ions at low concentra-
tions, resulting in short half-time and high removal
efficiency. However, the adsorption sites are not
sufficient enough to accommodate continuously
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(a) (b)
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Fig. 3. Kinetic studies of nitrate removal with an initial concentration of 60 mg L™" (as N): (a) kinetic model I and kinetic
model II and (b) kinetic model III and kinetic model IV.

Table 3

Kinetic parameters obtained from kinetic model I, kinetic model II, kinetic model III, and kinetic model IV

Co (mg L™ Jeal (mg g™ k, (min™") kq (min™) T (min) R? Ve

Kinetic model 1

20 0.930 7.89 x 1072 9.01 %1073 9.27 0.9995 4.96 x 107
40 1.684 6.05 x 1072 1.32 x 1072 12.74 0.9992 273 x107%
60 2.383 5.16 x 1072 1.74 x 1072 15.99 0.9980 1.38x 1072
80 2.884 448 x 1072 2.06 x 1072 20.04 0.9975 254 %1078
100 3.310 3.76 x 1072 2.18 x 1072 26.35 0.9964 471 %1072
Co (mg L™ Jeal (Mg g ") ka (g mg ' min™") kq (g mg™ min™") T (min) R? 7

Kinetic model 1I

20 0.991 0.1184 243 x 107 8.16 0.9912 9.13 x 107*
40 1.742 403 %1072 1.27 x 1073 12.21 0.9965 124 x 1072
60 2.439 2.02 x1072 1.89 x 1072 16.05 0.9992 558 x 107*
80 2.931 1.24 x 1072 236 x 1073 20.55 0.9994 6.12 x 107*
100 3.352 0.79 x 1072 251 %1072 27.21 0.9984 215%x 1072
Co (mg LY Jcal (Mg g_l) k, (min™) kq (g mg_1 min ) T (min) R? 7

Kinetic model III

20 0.929 7.59 x 1072 9.47 x 1073 9.33 0.9992 8.13x107°
40 1.679 5.68 x 1072 7.50 x 1073 12.80 0.9983 5.89 x 107*
60 2.371 4.74 x 1072 6.85x 1072 15.93 0.9961 2.74 %1078
80 2.866 4.03 x 1072 6.59 x 1072 19.69 0.9947 5.40 x 1072
100 3.283 3.33 x 1072 6.04 x 1073 25.45 0.9929 9.65 x 1072
Co (mg L™ Jeal (mg g™ k. (g mg ' min™") kg (min~") T (min) R? Ve

Kinetic model IV

20 0.998 0.1183 1.74 x 1074 8.17 0.9911 9.20 x 107*
40 1.751 4.08 x 1072 2.10 x 1073 12.20 0.9960 141 x 1073
60 2452 2.08 x 1072 455 x 1073 16.05 0.9988 821 x 107*
80 2.950 1.29 x 1072 6.97 x 1073 20.69 0.9993 6.97 x 107*
100 3.379 8.40 x 1073 8.58 x 1072 27.69 0.9988 1.63 x 1073
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Fig. 4. The plot of instantaneous rate vs. initial nitrate con-
centration (60 mg L™, as N).

increasing nitrate ions for a certain amount of adsor-
bent at high concentration, leading to long half-time
and low removal efficiency. Obviously, controlling the
ratio of initial nitrate concentration to adsorbent
dosage is essential to shorten half-time. Moreover,
identifying the half-time of an adsorption process is of
prime importance for the design of a practical adsorp-
tion system. For example, according to the require-
ment of process design, when nitrate removal
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efficiency reaches a preset value, the treatment time (t)
required can be calculated using the following
equation:

t=2wT (14)
where w (%) is the preset removal efficiency; and T
(min) is the optimal fitting half-time.

4.4. Instantaneous rate

Instantaneous rate is also a crucial parameter
reflecting the changing rate of solute uptake at a given
time. To the best of our knowledge, in previous stud-
ies, there have been no reports about instantaneous
rate of solute uptake with time.

As depicted in Fig. 4, the instantaneous rate
decreased rapidly in the first 20 min, followed by a slow
process and a slight fluctuation after around 1.0 h. This
result is exactly opposite to the variation trend of
equilibrium nitrate uptake with time. Similar results
were observed for other initial nitrate nitrogen
concentrations (Supplementary Materials, Fig. A1). The
instantaneous rate increased with the increase in initial
nitrate concentration at any time (Supplementary
Materials, Table Al). This partly explains equilibrium
nitrate uptake increased with the increase in initial
nitrate concentration. In the present study, the initial

Table 4

Fitting instantaneous rate parameters obtained from the simple exponential function

Co (mg L™ Kinetic model a b R? Ve

20 I 0.0817 0.0879 1.0000 5.227 x 10720
10 0.1252 0.1636 0.9901 1.570 x 107°
11 0.0792 0.0837 0.9997 2415 % 1077
v 0.1251 0.1635 0.9901 1.578 x 107>

40 I 0.1241 0.0737 1.0000 1.268 x 107"
Il 0.1658 0.1156 0.9908 2.734x107°
11 0.1181 0.0680 0.9990 1.801 x 107
\Y 0.1678 0.1177 0.9904 2916 x 107°

60 I 0.1645 0.0690 1.0000 6.081 x 10720
Il 0.2001 0.0946 0.9934 2.993 x 107°
11 0.1541 0.0619 0.9980 6.359 x 1077
v 0.2057 0.0987 0.9923 3.661 x 107°

80 I 0.1885 0.0654 1.0000 8.972 x 10720
11 0.2149 0.0811 0.9959 2229 x 107°
I 0.1745 0.0573 0.9968 1.324 x 107°
v 0.2238 0.0866 0.9940 3.449 x 107°

100 I 0.1966 0.0594 1.0000 6.554 x 10720
Il 0.2137 0.0684 0.9977 1.303 x 107°
11 0.1809 0.0514 0.9954 2.061 x107°
v 0.2248 0.0744 0.9953 2.857 x 107°
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Fig. 5. The effects of initial nitrate concentration on rate constants: (a) kq, k; and ky; (b) k, and k4.

adsorption rates obtained from kinetic model I were
found to be 8.174 x 10> mg g ' min~' for 20 mg L™},
0.1241 mg g ' min~" for 40 mg L', 0.1645 mg g~ ' min~"
for 60 mg L™, 0.1885 mg g_1 min~! for 80 mg LY, and
0.1966 mg g~ ' min~"' for 100 mg L™". In addition, instan-
taneous rates obtained from kinetic model I, kinetic
model II, kinetic model III, and kinetic model IV had
identical variation tends and the differences between
them were very small. The instantaneous rate has an
exceedingly complicated mathematical expression that
contains a time-dependent exponent term. Hence, a
simple exponential function is proposed to describe
instantaneous rate, which was expressed as follows:

v=a-exp(—b-t) (15)

where a and b are the empirical coefficient.

It can be observed from Table 4 that the value of
coefficient of determination was higher than 0.99 and
the chi-square value was lower than 3.7 x 107 for
each initial nitrate concentration among these kinetic
models, suggesting that this simple exponential equa-
tion also describes instantaneous rate with great accu-
racy ignoring complicated mathematical expressions.
It should be noted that the value of coefficient of
determination is 1.00 when Eq. (15) is fitted with the
instantaneous rate obtained from kinetic model I due
to the identical mathematical forms.

4.5. Rate constants

This section investigates the effect of initial nitrate
concentration on the rate constants. As shown in
Table 2, the values of the rate constants (k;, kp, and k,,)
decreased with decreasing initial nitrate concentration.
In fact, larger rate constants required shorter times to
reach a specific removal efficiency relative to smaller
rate constants [27]. Therefore, an adsorption system

with a lower concentration can rapidly reach a specific
removal efficiency. This result was in agreement with
our study where the shorter half-time were observed
at low concentration. As shown in Fig. 5(a), compared
with the pseudo-second-order rate constant, the
pseudo-nth-order rate constant was closer to the
pseudo-first-order rate constant, which indirectly indi-
cated that nitrate adsorption on granular chitosan—Fe
(I complex obeyed the pseudo-first-order kinetic
model.

It can be clearly seen from Table 3 that all of the
adsorption rate constants decreased with the increase
in initial nitrate concentration, while the desorption
rate constants increased except for that of kinetic
model III. This result indicates that nitrate desorption
on the granular chitosan—Fe(llI) complex did not fol-
low second order reaction kinetics. Therefore, kinetic
model III is not suitable for describing nitrate
adsorption. As illustrated in Fig. 5(b), the ratio of k,
to kg for kinetic model I and kinetic model II or the
square root of k, to kq for kinetic model III and
kinetic model IV shared a downward trend with the
increase in initial nitrate concentration. Thus, the
occurrence of the adsorption reaction was feasible
and favorable.

5. Conclusions

The present study demonstrated that granular chi-
tosan-Fe(Ill) complex is an effective adsorbent for the
removal of nitrate from aqueous solution. The rate of
adsorption of nitrate on granular chitosan—-Fe(Ill) com-
plex increased rapidly in the initial stage, followed by
a slow process until adsorption equilibrium was
reached. A proper ratio of initial nitrate concentration
to adsorbent dosage is essential to shorten the half-
time. The rate constant is a function of the initial
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nitrate concentration. These kinetic equations are in
good agreement with the experimental data. Three tra-
ditional kinetic equations shared simple mathematical
expressions and the pseudo-nth-order kinetic model
was independent of the order of the overall reaction.
In this study, kinetic parameters (adsorption and des-
orption rate constants, half-time and instantaneous
rate) provided by the novel kinetic equations are of
extreme significance for understanding adsorption
mechanisms and optimizing adsorption systems.
Moreover, these novel kinetic models are probably
suitable for the adsorption of a particular solute on
various adsorbents or the adsorption of various
solutes on a particular adsorbent because the two
modified kinetic models did not limit the types of
solutes or adsorbents in theory analysis. These results
will be validated by a series of adsorption experiments
in future studies.
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