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aqueous solution
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A novel adsorbent zeolite/N-doped porous activated carbon (ZAC) was prepared by the synthesis of zeolite
and mesoporous carbon to remove ammonia nitrogen (NH,*—N) and chemical oxygen demand (COD)
from aqueous solution. The impacts of adhesives, molding pressure, synthetic temperature and ratio on
ZAC preparation were investigated. The prepared adsorbent was characterized by BET surface area
measurement, scanning electron microscopy and X-ray diffraction. The adsorption kinetics was better
depicted by the pseudo-second-order model than the pseudo-first-order model and the isotherm fitted
well with the Langmuir model. The adsorption process was endothermic, spontaneous and favorable
according to thermodynamic data. The adsorbent has much potential in the simultaneous removal of
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Introduction

Pollutants from wastewater such as organics, dyes,"* heavy
metals,?® nitrogen and phosphorus* have made a serious impact
on human beings with the surge of industrialization, urbani-
zation, and scientific and technological innovation.® According
to the China Environmental Statistics Annual Report (2015), 2.24
x 107 tons of chemical oxygen demand (COD) and 2.30 x 10°
tons of ammonia nitrogen (NH,"-N) were produced and dis-
charged into wastewaters. As is widely known, large amount of
nitrogen is one of the major factors for eutrophication in water
bodies, and causes hypoxia or death to hydrophytes and aquatic
animals due to its inhibition of oxygen transportation with the
surge of algae. In addition, it is also very harmful to water
plumbing systems and devices during sewage reuse.®®
Traditionally, techniques and methods such as biodegrada-
tion, advanced oxidation, catalytic oxidation, and photo-
catalysis are employed in COD and NH,'-N removal,®>** which
are usually time-consuming and high-cost. Adsorption is
a conventional and widely used method in low-concentration
pollution treatment due to its simple operation, low-cost and
high adsorption capacity. Each adsorbent has its own advan-
tages and disadvantages; however, it would negate their effects
in some extensive application. For example, chitosan shows
high adsorption capacities to reactive and basic dyes due to its
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COD and NH;*~N from wastewater.

high content of amino and hydroxy functional groups, but it will
be limited by formation of gels under low pH values. Thus, it is
important to develop a composite absorbent to integrate
precursors’ predominance and compensate for their
deficiencies. M. Hasan, et al.** used epichlorohydrin (ECH) as
a cross-linking agent to obtain crosslinked chitosan/oil palm
composite beads (CC/OPA) for Reactive Blue 19 removal, which
improved better stability and mechanical strength of the
prepared adsorbent in acid medium. It was also reported that
chitosan-g-poly(acrylic acid)/rice husk ash hydrogel composite
showed good removal efficiency in high initial methylene blue
(MB) concentration.'®

Natural materials such as zeolites show considerable
adsorption capacities on NH,'-N from aqueous solutions
mainly by ion-exchange.'®'” Activated carbon (AC), an effective
adsorption material in the removal of pollutants such as dyes
and heavy metals from wastewater, gained significant interests
because of its high specific surface area and stability of chem-
ical properties. Abundant investigations on AC were focused on
the cheap and easy-get precursors such as fly ash,'® activated
sludge,™ pine-fruit shell,” saw dust,”* hevea seed coat,” palm
kernel shell,"* oil palm,* waste tire rubber,” bamboo.*®
Zeolite/activated carbon composite was aimed to acquire the
cooperative and bi-functional properties on simultaneous
removal of COD and NH,'-N. W. A. Khanday et al. attempted to
convert oil palm ash and unburnt carbon into a new composite
for removing MB from solutions, of which the MB adsorption
capacity value was 138.15mg g~ * (Cp = 400 mg L™ ") at 30 °C and
was superior to previous studies.** It was investigated that an
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activated carbon-zeolite composite for removing MB and NH, "~
N was prepared with AC and kaolin by hydrothermal synthetic
method.” However, in situ synthetic method of composite
absorbent is limited in environmental application due to its
complicated preparation and operation. A. A. Halim et al
produced one carbon-mineral composite adsorbent with ordi-
nary portland cement (OPC) to degrade COD and NH,'-N from
landfill leachate.?® The COD and NH,'-N adsorption capacity
were 22.99 mg g~ ' (Co = 2338.29 mg L™ ") and 24.39 mg g~ (Co
= 1890.95 mg L"), respectively. A certain amount of adhesive
can be applied to improve mechanical strength of powdery
absorbents in favor of engineering application and trans-
portation.” A small mass of adhesives was added in raw mate-
rials to acquire a cheap and easy-prepared composite
absorbent, which had little impact on original adsorption
capacity.

The main objective of this investigation was to explore the
synthetic method of zeolite/N-doped porous activated carbon
(ZAC) and to optimize operation of this novel composite
absorbent in simultaneous removal of COD and NH, -N from
aqueous solutions. It is worthy retaining properties of both
matrixes in preparation of a new composite absorbent. The
composite ZAC was prepared by cementation, extrusion and
calcination, successively. The effects of operational parameters,
i.e., adhesive, molding pressure, and synthetic temperature
were examined. Kinetics, isotherm and thermodynamics
models were studied to further understand the adsorption
process of ZAC.

Materials and methods

Raw materials

Wood-derived activated carbon NAC (N-doped activated carbon)
was obtained from our previous work,”” which derived from
wood sawdust (43.1% C, 5.3% H, 0.1% N, 0.1% S and 51.4% O).
Commercial zeolite (Z) was purchased from Sinopharm Chem-
ical Reagent Company (CP, Na,O-Al,03-xSiO, yH,0), and
rinsed several times with distilled water to remove impurity for
further application. NAC and Z were grinded and sieved to 200
mesh and dried in an oven (105 °C) for further utilization.

MB and ammonium chloride (NH,Cl) were dissolved in
distilled water to prepare COD and NH,'-N stock solutions.
Working solutions of certain concentration were prepared by
consecutive dilution of the standard stock solution. All reagents
and chemicals used were of analytical grade quality and ob-
tained from Chron Chemicals.

Preparation of the composite material

NAC and Z were mixed with a mass ratio of 5: 5 and a certain
amount of adhesive was added and fully mixed to improve the
compound's intensity and molding cohesiveness. After mixing,
the composite was dried in an oven at a temperature of 105 °C to
ensure moisture content kept in the range of 30-50%, and then
extruded into cylinders with a diameter of 13 mm (powder
compressing machine, SYP-15A). The extrudate was loaded in
a quartzose reactor placed in a tube furnace (OTF-1200x). The
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synthesis was carried out by ramping the temperature from
room temperature to 200 °C with a heating rate of 10 °C min ™"
and hold for 1 h. After calcination and cooling down to room
temperature, zeolite/N-doped porous activated carbon (ZAC)
composite was obtained.

Adsorption tests

0.05 g ZAC composite and 100 mL simulation wastewater with
varying initial COD and NH,"-N concentrations were mixed in
a series of Erlenmeyer flasks (250 mL) to carry out batch
adsorption experiments. The adsorption isotherms were ob-
tained by batch experiments at different temperatures (15 °C,
25 °C and 35 °C). The mixture was continuously shaken (150
rpm) in a temperature-controlled shaker for 3 h until equilib-
rium was reached. Then the adsorbent was filtered out to
analyze COD and NH,-N concentration of the residual.
Adsorption kinetics was carried out at 25 °C and the initial COD
concentrations were 100-1600 mg L™, respectively. After pre-
determined time intervals, the adsorbent was filtered out to
analyze the final concentration of the supernatant. The effects
of adhesives, molding pressure and synthetic temperature on
ZAC preparation were justified by adsorption experiments using
0.5 g L' ZAC in a series of 100 mL solutions with a COD
concentration of 500 mg L' and a series of 50 mL solutions
with an NH,'-N concentration of 100 mg L™, respectively.

The equilibrium adsorption amount, g. (mg g~ "), is calcu-
lated by the following equation:

C‘0 - Ce
g ==ty (1
where C. (mg L") and C, (mg L") respectively represent the
equilibrium and initial pollutant concentration, m (g) is the
mass of ZAC composite adsorbent and V (L) is solution
volume.

COD was analyzed by the potassium dichromate method and
NH,-N was analyzed by Nessler's reagent colorimetry
method,* using UV/visible double-beam spectrophotometer
(5B-3C Lianhua Corporation, China).

The loss rate was utilized to describe the solidity and stability
of the materials. The lower the loss rate, the more water-
resistant and stable of the material (eqn (2)). In order to
calculate the loss rate, a certain mass of absorbent was put in
50 mL deionized water and agitated in a flask at 150 rpm in
a temperature-controlled shaker for 0.5 h. Then the absorbent
was filtered and dried under 105 °C to constant weight.

My, — M,
0

P= x 100% 2)

where M, (g) and M, (g) respectively represent the initial and
end mass of the absorbent, P is the loss rate.

All experiments were carried out in duplicate, and the
average values were reported.

Characterization

The scanning electron microscope (SEM) of the composite were
obtained to study the morphology and textural structure of the
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composite by JSM-7500F (JEOL, Japan), X-ray photoelectron
spectroscopy (XPS) was performed on an AXIS Ultra DLD
(KRATOS) spectrometer using Al Ko radiation (1486.6 eV)
operated at an accelerating power of 150 W.

N, adsorption-desorption method at 77 K was performed to
evaluate the surface physical properties of the composite, which
were analyzed by ASAP 2460 (Micromeritics Corporation, USA)

The powder X-ray diffraction (XRD) pattern of the composite
was recorded in the 26 ranging between 10° and 80° and using
X-Pert PRO MPD (PANalytical B. V. Holland) equipped with Cu
Ko radiation (2 = 1.54056 A)° at 30 mA and 30 kV.

Result and discussion
Synthesis

Effect of adhesives. Several adhesives were used to enhance
the aggregation and cohesiveness of the composite. Fig. 1 shows
the effect of adhesives on preparation of ZAC. Sodium carboxy-
methylcellulose (CMC), polyvinyl alcohol (PVA) and sodium sili-
cate were applied on ZAC preparation under 200 °C synthetic
temperature for 1 h and extruded with a molding pressure of
8 MPa. As seen from Fig. 1c, sodium silicate is unnecessary in the
production of the composite with a high loss rate. Though a good
COD removal efficiency was achieved, there was little adhesive
attraction among the adhesive and raw materials. Whereas, the
loss rate of the composite with CMC and PVA were much lower
than sodium silicate's as shown in Fig. 1, representing well
adhesive attraction and cohesiveness among those materials. As
seen from Fig. 1a and b, the more addition of adhesive, the worse
removal efficiency of COD and NH,'-N on ZAC. This may be due
to collapsing and blocking of holes by adhesives. The removal
efficiency of COD and NH,'-N on ZAC with CMC was much
superior to the one with PVA under same conditions, which
showed CMC was an optimal adhesive in the composite
production. There was no obvious change of the loss rate, and the
removal efficiency of COD and NH,'-N was stable by increasing
the proportion of CMC from 15% to 20% (Fig. 1a). Therefore,
considering cost and adsorption capacity, modification with 15%
CMC was favorable on ZAC preparation, in which 67.5% COD
and 46.3% NH,"-N removal efficiency could be reached.

Effect of molding pressure. An auto-powder compressing
machine was utilized for ZAC to form small tablet (¢13 mm)
under a pressure range of 2-10 MPa. Fig. 2 shows the effect of
molding pressure on preparation of ZAC for COD and NH,'-N
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removal under synthetic temperature 200 °C for 1 h with 15%
CMC addition. As illustrated in Fig. 2, the removal efficiency for
both COD and NH,'-N on ZAC were almost no change under
various pressure, while the strength of the tablet was improved
with augment of the pressure. To obtain high capacity of the
composite material, extrusion pressure is a crucial factor during
the synthetic process. Under a pressure of 8 MPa, the produced
carbon was stable with only 2.39% loss rate and could get a COD
and NH,'-N removal ca. 68%, 46%, respectively.

Effect of synthetic temperature. The extruded tablets were
placed in a tube furnace for calcination in the temperature
range of 100-300 °C under N, atmosphere (200 mL min ™). The
effect of synthetic temperature on preparation of ZAC with 15%
CMC addition under molding pressure 8 MPa was discussed
and the result was presented in Fig. 3. Although the loss rate of
ZAC was much lower under high temperature, the removal
efficiency of COD and NH,'-N was significantly decreased with
temperature rising. It may be attributed to collapse and block-
ing of holes under high temperature. 200 °C was feasible for
ZAC preparation, under which 67% COD and 49% NH,'-N
removal efficiency could be achieved.

Effect of synthetic ratio. The effect of synthetic ratio (Z/NAC)
on preparation of ZAC for COD and NH,'-N removal was studied
with a weight proportion (1:9 to 9 : 1) of two raw materials. As
shown in Fig. 4, pure NAC showed perfect COD removal rate,
which was related to its high surface area and mesopore. With
larger amount of NAC, the produced ZAC was more favorable on
COD removal. However, poor NH,'-N adsorption capacity was
also observed in pure NAC due to its non-polar surface. It was
reported that NH," has better ion-exchange capacity than Na®,
aqueous ammonium can be exchanged by Na* from Na-zeolites
such as clinoptilolite®® and mordenite.®® The adsorption
capacity of NH,'-N on ZAC with larger content of zeolite was
enhanced. Having more zeolite, the ZAC production was much
better for NH,'-N adsorption. The efficient and simultaneous
removal of both COD and NH,-N could be achieved by properly
adjusting the proportion of two raw materials in ZAC. At a zeolite/
NAC mass ratio of 5 : 5, a relatively high removal efficiency for
both COD and NH,*-N was obtained.

Adsorbent characterization

N, adsorption-desorption isotherm at 77 K and textural
parameters of the composite ZAC (5 : 5) are listed in Table 1. As
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Fig. 1 Effect of adhesives on preparation of composite material (ZAC) for COD and NH4*—N removal.
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it is shown in Table 1, there is barely microporous or meso-
porous structure in zeolite and its BET surface area is a little
low. The high removal efficiency of NH,'-N by zeolite is
attributed to ion-exchange. Higher Sggr and micropore volume
were observed in NAC, which gave rise to good COD adsorption
capacity. However, NAC showed unsatisfactory adsorption to
NH,'-N due to its nonpolar surface. The existence of mesopore
was found in composite ZAC after material synthesis on the
basis of isotherm calculation. The composite ZAC acquired
simultaneous removal of COD and NH,"-N by combining the
advantages of two raw materials, while it had lower surface area
in comparison with NAC.

SEM picture of the composite ZAC (1000x magnification) is
shown in Fig. 5. It can be observed that the ZAC surface repre-
sents clear granular morphology and the powder zeolite and
NAC are cohesive by adhesive effect with the help of CMC.
Moreover, there was 0.2% N in composite ZAC as shown by XPS
results, which was stemmed from nitrogenous NAC; the content
of other elements including Al, Si and Na introduced by zeolite
were also detected in ZAC.

As shown in Fig. 6, diffraction peaks of Na-faujasite and
sanidine were displayed on the zeolite. There was no obvious
diffraction peak on NAC in small-angle range (26 = 1-10°), the
main peaks detected at 26 of 26° was characteristic to amor-
phous carbon. The characteristic peaks of zeolite were appeared
on the XRD pattern of ZAC, which showed the effectiveness of
material synthesis.

Adsorption

Kinetics studies. Three kinetic models were used to study the
controlling step and the mechanism of pollutant adsorption on
ZAC, which were Pseudo-First-Order (PFO), Pseudo-Second-
Order (PSO) and intra-particle diffusion model, respectively.

The PFO model is given as a linear equation:*

In(ge — ¢) = In qe — kyt (3)

where k; (min~") is the PFO rate constant, g. (mg g ') and ¢,
(mg g~ ') are the adsorption capacity of the adsorbent at equi-
librium and at time ¢, respectively. The slope and intercept of
plot of In(g. — g;) versus t were used to calculate the PFO rate
constant at 25 °C.

The PSO model is written as:**

i = L + i (4)
a kg g
where k, (g mg~" min~") is the PSO rate constant. Fitting was
carried out by plotting ¢/q, versus t to calculate the PSO rate
constant at 25 °C.

The kinetic parameters and the correlation coefficients (R?)
are presented in Table 2. R* value of PSO model (0.9993) was
higher than the one of PFO model (0.9243), and the calculated
adsorption capacity (769.23 mg g ') was in good agreement
with the experimental g, (770.64 mg g~ ). PSO model was well
fitted to the ZAC adsorption process. The PSO kinetic behavior
suggested that the adsorption mechanism was the rate
controlling step rather than the mass transfer from the solution

RSC Adv., 2019, 9, 6452-6459 | 6455
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Table 1 Porous characteristic of the produced adsorbents

Paper

Adsorbents Sger (M g™ 1) Viot (em® g7 1) Vimes (cm® g™ 1) Vimie (cm® g7 Dy, (nm)
Zeolite (Z) 77.21 0.6269 0.6254 0.0014 39.4
ZAC (5 : 5] 563.61 0.5959 0.5545 0.0414 7.70
NAC 1214.98 0.7950 0.7040 0.0910 3.30

15.0kV x2.00k SE

Fig. 5 SEM picture of ZAC.

to the adsorbent's surface, and the adsorption rate of COD on
the composite ZAC did not depend on the initial COD concen-
tration but the availability of the adsorption sites.**

The intra-particle diffusion model is also applied to explore
the adsorption progress, which is represented by the following
equation:*

4 =kiat"* + C (5)

o: Faujasite-Na
A: Sanidine

10 20 30 40 50 60 70 80
26 (°)

Fig. 6 XRD spectrum of three materials (a: NAC, b: ZAC, and c: zeolite
7).
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Table 2 Kinetics parameters for the COD adsorption onto ZAC at 25 °C

Kinetic model Parameters Values
e, exp/mg g 770.64
Pseudo-first-order ky x 107%/min* 9.92
e, calmg g " 153.33
R 0.9243
Pseudo-second-order ky/g mg™" min™" 0.0007
e, calmg g " 769.23
R 0.9993
Intra-particle diffusion Kiay/(mg (g min'?)™) 24.68
c, 585.36
Rz 0.8138
Kigo/(mg (g min*?)™") 8.14
C, 662.69
R,? 0.9921

where kiq is the intra-particle diffusion rate constant. C is
a constant related to the boundary layer thickness. The slope
and intercept of plot of g, versus ¢ (Fig. 7) were used to determine
the k;q and C.

As illustration by the intra-particle diffusion model: if the
fitting plot gives a straight line, the adsorption process is
impacted by an intra-particle diffusion; if this line passes
through the origin, intra-particle diffusion is a rate determining
step.>**® As displayed in Fig. 7, the plots could be divided into
two parts. Lines were straight but did not cross the origin,
indicating that intra-particle diffusion was not the single rate-
determining step. The much larger slope of the first line
proved that the COD removal rate by ZAC was high in the
beginning, because of the instantaneous availability of large
surface area and active sites. The gradual slope of the second
line showed a slow adsorption rate due to concentration
gradient decreasing and slower adsorbate diffusion.*”

Adsorption isotherm. The adsorption isotherm indicates the
distribution of adsorption molecules between the liquid phase
and the solid phase when the adsorption process reaches an
equilibrium state. Three isotherm models were employed to fit
the experimental data and the results were showed in Table 3.

The Langmuir isotherm model is usually used to depict
monomolecular layer adsorption on the active sites of the
absorbent surface. It is expressed by the following equation:*®

qmaxKL Ce
= T 6
4 1+ K. C, (©)

where gmay (mg g~ ') is the maximum adsorption capacity of the
adsorbent, K, (L mg ") is the Langmuir constant related to the
maximum adsorption capacity and adsorption energy. The
essential characteristic of a Langmuir isotherm can be

This journal is © The Royal Society of Chemistry 2019
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Fig.7 Adsorption kinetics of COD adsorbed by ZAC with intra-particle
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expressed on the basis of a dimensionless separation factor Ry,
which is defined as:>*°

1

Rl=—
LTTYKG

7)
where K is the Langmuir constant and C, (mg L") is the
highest COD initial concentration. According to the value of Ry,
the isotherm can be expressed as unfavorable (R, > 1), linear (R;,
= 1), favorable (0 < Ry, < 1) or irreversible (R, = 0).

The Freundlich isotherm assumes non-ideal adsorption
taking place on a heterogeneous surface and adsorption energy
decreasing logarithmically with adsorption capacity decreasing.
It is given by the following empirical equation:*°

e = KFCel/" (8)
where Ki (mg ¢ ') (L mg™ ") and n are the Freundlich constants
related to adsorption capacity and adsorption intensity, respectively.

The Temkin isotherm suggests a linear decrease of adsorp-
tion energy with adsorption capacity decreasing, which is
similar to Freundlich model.** It is usually applied as the
following form:

ge=BlnA+ Bln C, 9)
where B = RT/b, b is the Temkin constant related to heat of
sorption (J mol ), A is the Temkin isotherm constant (L g~ '), R
is the gas constant (8.314 J mol ' K™ ') and T is the absolute
temperature (K).

RSC Advances

As listed in Table 3, the adsorption capacity g. progressively
increased with the equilibrium concentration of COD (C,) in
aqueous solution, showing that the equilibrium adsorption
capacity was positively affected by the temperature. The highest
ge value (1109.75 mg g~ ') was observed in 25 °C for the initial
COD concentration of 1633.33 mg L', which is well consistent
with calculated value gmay 1139.81 mg g~ .

As listed in Table 3, R? of the Langmuir isotherm is evidently
higher than others, which means the Langmuir model is more
applicable for the experimental data and the COD adsorption
process onto composite ZAC is mono-layer adsorption. The
value of R;, for adsorption of COD onto ZAC was 0.024, 0.022,
0.019 at 15 °C, 25 °C, 35 °C, respectively. It indicated that the
adsorption n was favorable in most situations. Moreover, the
Freundlich constant 7 is a deviation measure. The value n =
4.54 was greater than unity and showed that COD adsorption
process by the composite ZAC was favorable.*

Thermodynamics. The effect of temperature on COD
adsorption onto ZAC was studied in the temperature range of
15-35 °C and experimental data were explained by thermody-
namic adsorption parameters, such as standard Gibbs free
energy change (AG®), enthalpy change (AH®), entropy change
(AS®), using Gibbs-Helmholtz equation and Van't Hoff
equations:**

AG’ = —RT In Kp (10)
where Kp, is the adsorption equilibrium constant, which can be
calculated as follows:

qe

KD: Ce

(11)

The relationship among AG®, AH® and AS° is expressed by:

AG® = AH® — TAS® (12)
Based on (10) and (11), eqn (12) can be rearranged by
following:

AS  AH°
InKp = —> —

R RT

(13)

where T is the adsorption temperature (K), R is the universal gas
constant (8.314 ] mol™'). The values of AH® and AS® were
determined from the intercept and slope of plot In Ky, versus 1/T
(Table 4).

The negative values of AG® revealed that the COD adsorption
onto the composite ZAC was favorable and spontaneous.
Moreover, the positive value 4.56 k] mol * of AH® demonstrated

Table 3 Langmuir, Freundlich, and Temkin isotherm parameters for the COD adsorption onto ZAC

Langmuir Freundlich Temkin
T/OC —1 —1 —1 2 2 2
Ge, exp/ME & Ki/L mg Gmax/Mg g R n Kg R A B R
15 1086.54 0.025 1119.04 0.9923 4.37 227.85 0.9879 5.16 117.33 0.9478
25 1109.75 0.027 1139.81 0.9918 4.22 225.25 0.9528 4.10 125.25 0.9621
35 1109.52 0.032 1137.69 0.9941 4.54 254.71 0.9606 8.08 116.41 0.9685

This journal is © The Royal Society of Chemistry 2019
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Table 4 Thermodynamics parameters for the COD adsorption onto
ZAC at different temperatures

COD adsorption

T/°C AG/(kJ] mol ™Y AS%/(J mol 'K~V AH®/(KJ mol™Y
15 -3.50 27.88 4.56

25 —3.67

35 —4.07

that the adsorption process was endothermic and phys-
isorption,* which was in good agreement with the adsorption
isotherm. The AS° value was also positive (27.88 J mol ™" K™%),
which represented the randomness increasing at the solid/
solution interface during the adsorption process.

Conclusions

The synthetic composite ZAC showed good adsorption capacity
in simultaneous removal of COD and NH,"-N. The effects of
adhesives (CMC, PVA, and sodium silicate), molding pressure
(2-10 MPa), and synthetic temperature (100-300 °C) on ZAC
production were studied and optimized. With addition of 15%
CMC, mixed in a synthetic ratio of 5 : 5 (zeolite/NAC) by mass,
extruded under 8 MPa and heated at 200 °C for 1 h, the
produced composite ZAC had a maximum removal rate of 68%
COD and 49% NH,'-N. The kinetics, equilibrium, and ther-
modynamics parameters for the adsorption process were
investigated. The adsorption kinetics was well fitted the PSO
kinetic model. In contrast to Freundlich and Temkin isotherm
models, the equilibrium adsorption data were better depicted
by Langmuir isotherm according to a higher R*> value. The
adsorption process of COD onto ZAC was endothermic, spon-
taneous and favorable on the thermodynamics analysis.
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