
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 6
:4

5:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Highly efficient m
State Environmental Protection Key Laborato

Control on Chemical Process, East China

Shanghai 200237, China. E-mail: baizs@ec

Cite this: RSC Adv., 2019, 9, 15727

Received 13th January 2019
Accepted 30th April 2019

DOI: 10.1039/c9ra00308h

rsc.li/rsc-advances

This journal is © The Royal Society of C
ethyldiethanolamine (MDEA)
removal and light naphtha purification via
synergistic effect of molecular sieves and fixed
adsorption bed

Bin Zhang, Zhishan Bai, * Bingjie Wang and Huiqing Luo

Light naphtha is an important rawmaterial for the production of benzene, toluene, and xylene from cracking

in tubular furnaces for the production of ethylene and propylene. Light naphtha contains MDEA which is left

behind after desulfurization. MDEA remaining in light naphtha will cause high alkalinity of light naphtha,

which decreases product quality and increases costs. Additionally, MDEA itself is not easy to degrade and

is harmful to human skin, so the removal of MDEA is of great significance for the purification of light

naphtha and the protection of the environment. In this paper, a molecular sieve (13X) is compared with

silica gel and resin (NKA-9) as a means of removing MDEA from light naphtha via synergism with a fixed

adsorption bed. The adsorption capacity decreased in the order of 13X > NKA-9 > silica gel, with values

of 53.189, 45.889 and 34.863 mg g–1, respectively. Similarly, the effectiveness of steam for 13X

regeneration after adsorption saturation was investigated, and the steam regeneration restored 95% of

the activity of the fresh 13X. Furthermore, the adsorption mechanism of MDEA in light naphtha by 13X

was studied, and it was confirmed that the adsorption process was dominated by chemisorption,

supplemented by physisorption. The –OH and –NH2 functional groups were the main groups involved in

the chemisorption, and capillary action and hydrogen bond action may be involved in physisorption.
1. Introduction

In the petrochemical industry, light naphtha is used as an
important raw material for the production of benzene, toluene,
and xylene from cracking in tubular furnaces for the production
of ethylene and propylene. Nevertheless, the hydrogen sulde
generated in the process of light naphtha production will not
only affect the quality of the naphtha but also do harm to the
atmosphere and the human race. Thus, it is necessary to control
the hydrogen sulde content. At present, the light naphtha
desulfurization processes are divided into dry desulfurization
and wet desulfurization.1–3 MDEA desulfurization, a kind of wet
desulfurization, is widely used because of its chemical stability
and low regeneration loss.4 However, owing to the thorough
mixing of light naphtha and the MDEA solution in the course of
deamination, the light naphtha will inevitably entrain
a proportion of MDEA droplets from the MDEA wash tank,
which will increase the pH of light naphtha from around 7 to
around 9.5. When this light naphtha is used to modulate
gasoline, the MDEA will be brought in, resulting in a high
nitrogen content, which pollutes the environment aer
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combustion. Additionally, when the light naphtha is processed
again, the MDEA poisons the catalyst and increases the oper-
ating cost.5–7 Moreover, MDEA itself is not easy to degrade and is
harmful to human skin, so the removal of MDEA is of great
signicance for the purication of light naphtha and the
protection of the environment.

Gas chromatography is usually used to measure the
concentration of organic chemicals. Nevertheless, as there is
currently no standard for the detection of MDEA concentration
and the method of gas chromatography is limited especially
when the concentration of MDEA is less than 10 mg L�1, gas
chromatography detection is difficult and inaccurate.8,9 By
contrast, measuring pH constitutes a simple and feasible
method, because of the link between MDEA concentration and
pH. This paper measured the pH of light naphtha in order to
measure the concentration of MDEA based on this character-
istic, since MDEA is weakly alkaline.

In the literature, there is no research relevant to the removal
of MDEA, so consider the commonly used two-phase separation
methods as references. Generally, two-phase separation
methods include gravity sedimentation,10,11 extraction,12,13

centrifugal separation,14,15 coalescence separation,16,17

membrane separation,18,19 and adsorption.20,21 Among these
separation methods, adsorption has been widely used in the
petrochemical industry owing to characteristics such as fast
RSC Adv., 2019, 9, 15727–15737 | 15727
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Fig. 1 Fixed adsorption bed schematic.
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adsorption rate, large adsorption capacity, simple regeneration
and reusability.22,23 Commonly, silica gel, resin and molecular
sieves are used to remove adsorbates from water or the organic
phase. It is acknowledged that the adsorption effect of the
adsorbents is different for different adsorbed substances, so the
work we should do is to select a suitable adsorbent according to
the nature of the adsorbate. 13X, a type of molecular sieve, has
been widely used in chemical separations such as the adsorp-
tion of inorganics and organics because of its advantages of
high porosity,24–26 uniform pore size,27,28 simple regenera-
tion,29,30 good regeneration performance,31–33 etc. In addition,
adsorbents such as silica gel and resin have also been used in
chemical adsorption, and have achieved great results.34–37

Although the adsorption method has been widely used in the
chemical industry, the literature lacks reports on the explora-
tion of the removal of MDEA from light naphtha by adsorbents.
To ll in this research gap, the performance and mechanism of
13X adsorption of MDEA in light naphtha, at different adsor-
bent dosages, times and temperatures, were compared with
those of silica gel and NKA-9. Moreover, the capacity of 13X to
remove MDEA from light naphtha via the synergism with a xed
adsorption bed was studied, and the effects of temperature and
ow rate on adsorption breakthrough curve were probed in
order to solve the industrial problem. Furthermore, the surface
structure of 13X was observed at high magnication through
a scanning microscope (SEM) (S-3400N, Hitachi, Japan).
Fourier-transform infrared (FT-IR) spectroscopy (Nicolet-6700,
Thermo Fisher, USA) was carried out to provide information
about the characteristic peaks of the groups. X-ray photoelec-
tron spectroscopy (XPS) (ESCALAB 250Xi, Thermo Fisher, UK)
was used to characterize the binding energy between the
adsorbent elements to determine which reactive functional
groups were involved in the adsorption process.
2. Materials and methods
2.1. Material

Working light naphtha was supplied by the Chinese Shanghai
Petrochemical Co., Ltd, in which the concentration of MDEA
was about 5 ppm. Adsorbent materials: NKA-9 was purchased
from a laboratory reagent store in Tianjin City China, whereas
13X and silica gel were purchased from Chinese Gongyi Teng-
long Water Treatment Co., Ltd.
2.2. Fixed adsorption bed

As a commonly used packed bed reactor, the xed adsorption
bed plays a vital part in the adsorption and desorption
process.38 Fixed adsorption beds can be divided into two types,
vertical and horizontal; vertical xed adsorption beds include
a cylindrical type and a multilayer type.39 In this paper, a cylin-
drical vertical xed adsorption bed was designed, and the
adsorbents were placed in the xed adsorption bed in a stacked
form, as shown in Fig. 1. The xed adsorption bed, with a T-
piece at each end to facilitate the adsorption and desorption
processes, was entirely detachable and had an aspect ratio of
approximately 9 : 1.
15728 | RSC Adv., 2019, 9, 15727–15737
2.3. Experiments

2.3.1. Trade-off standard. As the determination of MDEA
by gas chromatography is both challenging and time-
consuming, and when MDEA concentration is less than
10 mg L�1, it is difficult to analyze, since MDEA is alkaline, the
value of the pH could reect the concentration of MDEA, and so
pH was used to determine the content of MDEA. In order to
investigate the relationship between concentration and pH,
a series of aqueous MDEA solutions was prepared and the pH
was measured.

2.3.2. Batch adsorption. All batch adsorption experiments
were performed with 2.1 g to 2.5 g of the adsorbent silica gel,
NKA-9 or 13X in 50 mL glass bottles with 30 mL of light naphtha
with an initial pH of approximately 9.5. The asks were shaken
at 160 rpm in a water bath equipped with a thermostat at a room
temperature of 298 K.

The effects of adsorbent dosage, adsorption time and
temperature on the adsorption were compared for the three
adsorbents. When comparing the effect of the dosage of
adsorbent, the adsorption time was maintained at 2 h and the
adsorption temperature was kept at 298 K, while the amount of
adsorbent varied from 2.1 g to 2.5 g. Similarly, the effect of
adsorption time of the above three adsorbents was determined
at a temperature of 298 K and adsorbent dosage of 2.3 g. In
order to investigate the inuence of temperature, experiments
were conducted at 283 to 313 K for the same adsorption time of
0.5 h, with an adsorbent dosage of 2.3 g.

2.3.3. Dynamic adsorption. Through the above batch
experiments, 13X was selected as the best adsorbent for the
removal of MDEA from light naphtha, and dynamic adsorption
experiments were carried out to further explore its adsorption
performance in xed bed so as to provide guidance for indus-
trial applications. With a ow rate of 400 mL h�1, the effects of
three different operating temperatures, 293 K, 303 K and 313 K,
on the adsorption by 13X were investigated. Samples were taken
at 0.5 hour intervals until the adsorbents reached saturation.
Additionally, at a temperature of 293 K, the effect of adsorption
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Dynamic adsorption and desorption process.
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by 13X at different ow rates, 400 mL h�1, 500 mL h�1 and
600 mL h�1, was investigated.

The experimental apparatus designed to test the adsorption
and desorption performance of MDEA is illustrated in Fig. 2. In
the adsorption system, the light naphtha from the feeding
bottle owed into an electric heater pumped by a metering
pump, and thereaer passed through a regular valve (V-1) and
a check valve (V-2) into the adsorption bed. Subsequently, the
puried light naphtha owed through the regular valve (V-3)
into the downstream.

2.3.4. Desorption experiment. In the desorption system,
steam was applied as a regenerant to desorbMDEA from 13X. As
shown in Fig. 2, steam at a rated temperature of 443 K passed
through a regular valve (V-4), and then owed from the top to
the bottom of the adsorption bed. Steam-carried MDEA entered
the water cooler and was cooled to approximately 303 K before it
was discharged through a regular valve (V-5) into the environ-
ment. Whether the regeneration was accomplished was deter-
mined by measuring the pH of the steam condensate.

2.3.5. Supplemental experiment. In order to study the
effects of different initial concentrations of MDEA and
temperature on the adsorption and to exclude the interference
of other substances in the light naphtha, n-hexane, with similar
boiling point to light naphtha, was used as solvent, and a solu-
tion of 100–500 mg L�1 MDEA in n-hexane was prepared to
study the adsorption of the adsorbent at 293–313 K. In the
experiment, the amount of the adsorbent used was 0.1 g, and
the amount of the n-hexane solution was 30 mL.
Table 1 Physicochemical properties of the adsorbents silica gel, NKA-9

Adsorbent type Silica gel NK
Appearance Transparent spherical particles Mil
Specic surface area (m2 g�1) 350–400 250
Average aperture (nm) 11 16
Polarity Polar Pol
Chemical stability Stable Sta
Al/Si ratio

This journal is © The Royal Society of Chemistry 2019
3. Results and discussion
3.1. Physicochemical properties

The physical properties of silica gel, NKA-9 and 13X are listed in
Table 1. Among them, 13X had the largest specic surface area
and the smallest average pore diameter, which could be an
explanation for the subsequent high 13X adsorption capacity.
Because of the large specic surface area, there were relatively
more adsorption sites. In the case where the pore size was larger
than the MDEA molecule, the smaller the pore size, the lower
the probability of adsorption to other adsorbates.

Scanning electron microscope (SEM) photographs of 13X,
NKA-9 and silica gel are shown in Fig. 3. It can be seen from
Fig. 3 that the surface of the silica gel was smoother than the
surfaces of NKA-9 and 13X. Compared with silica gel, NKA-9 had
more surface wrinkles, that is, more adsorption sites, which was
the reason why its effect was better than that of silica gel. In
contrast to the two adsorbents, the 13X surface presented many
microspheres arranged on the surface; the arrangement was
relatively neat and the pores were relatively developed. The
regular surface and the development of the channels made it
easier to adsorb MDEA.
3.2. Trade-off standard analysis

Fig. 4 presents the relationship between MDEA concentration
and pH. As the concentration of MDEA increased from 0 to 50%,
the pH also rose from 7.18 to 11.20. It could be concluded that
as the concentration of MDEA increased, the pH also increased
and 13X

A-9 13X
ky white opaque spherical particles Light yellow spherical particles
–290 440–500

9
ar Polar
ble Stable

2.7

RSC Adv., 2019, 9, 15727–15737 | 15729
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Fig. 3 Micromorphology of silica gel (a), NKA-9 (b) and 13X (c).

Fig. 4 Relationship between MDEA concentration and pH.
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continuously, indicating that MDEA concentration and pH were
positively correlated, which proved that it was feasible to
measure the MDEA concentration by pH.

Moreover, in this research, the adsorption capacity was
positively correlated to the DpH; hence the DpH of naphtha
could be measured to indirectly indicate the adsorption
capacity. The test method was as follows. A certain amount of
petroleum product was placed in a separating funnel, aer
which the same volume of water was added to the separating
funnel. The separating funnel was gently shaken for a certain
time until the two phases were well mixed, and then le for the
layers to separate. Aer the two layers had separated, the pH of
Fig. 5 Effect of adsorbent dosage on adsorption.

15730 | RSC Adv., 2019, 9, 15727–15737
the aqueous solution was measured, which was regarded as the
pH of the petroleum product.
3.3. Batch adsorption

3.3.1. Effect of adsorbent dosage. Fig. 5 presents the effect
of dosage of silica gel, NKA-9, and 13X on adsorption. It can be
seen from Fig. 5 that as the mass of the adsorbents increased,
the pH gradually decreased, and the DpH increased simulta-
neously, indicating that the MDEA in the light naphtha gradu-
ally decreased, that is, when the mass of the adsorbents
increased, the adsorption effect became better.

This was because, as the mass of the adsorbents increased,
the number of adsorption sites increased, and more MDEA
could be adsorbed onto the adsorbents. The adsorption capacity
of the three adsorbents decreased in the order: 13X > NKA-9 >
silica gel.

In addition, it can be seen from Fig. 5 that when the adsor-
bents' mass reached 2.3 g, the increased dosage of adsorbent
exhibited less effect on pH, which indicated that 2.3 g of
adsorbent was sufficient to treat 30 mL of light naphtha with
a pH of 9.5. Thus, the amount of adsorbent used in the subse-
quent experiments was 2.3 g.

3.3.2. Effect of adsorption time. Fig. 6 represents the effect
of adsorption time on the adsorption of the three adsorbents. It
can be seen from Fig. 6 that as the adsorption time was
extended, the pH decreased and the DpH increased, that is, the
adsorption effect became better. When the adsorption time was
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Effect of adsorption time on adsorption.

Fig. 7 Effect of temperature on adsorption.

Fig. 8 Adsorption breakthrough curves at different temperatures.
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prolonged, MDEA had more opportunities to combine with the
adsorption sites. Initially, adsorption occurred at the surface of
the adsorbents. Once adsorbed to a certain extent, the adsor-
bate would diffuse through the pores into the interior of the
adsorbents; thus, further MDEA in the light naphtha was
adsorbed. It is worth noting that with the increase of adsorption
time, the adsorption effect of 13X was always better than that of
silica gel and NKA-9.

3.3.3. Effect of temperature. The effect of temperature on
the adsorption by the three adsorbents revealed different
adsorption processes. As shown in Fig. 7, when the temperature
rose, the adsorption effects of silica gel and NKA-9 became
better; opposite to this, the adsorption effect of 13X became
worse, indicating that the adsorption processes of silica gel and
NKA-9 were probably endothermic processes, while the
adsorption process of 13X was probably an exothermic process.
In the studied temperature range, the adsorption effect of 13X
was superior to that of the other two adsorbents under the same
conditions.

3.4. Dynamic adsorption

From the results of the above batch adsorption experiments, it
could be seen that the adsorption effect of 13X was superior to
that of the other two adsorbents, and it was decided to further
This journal is © The Royal Society of Chemistry 2019
explore its dynamic adsorption performance and regeneration
performance.

3.4.1. Effect of temperature on breakthrough curve. As may
be distinguished from Fig. 8, the increase of the operating
temperature from 293 K to 313 K contributed to the decrease of
the breakthrough time from 6 to 2.5 hour. This behavior once
again indicated that the adsorption was probably an exothermic
process, and hence, as the operating temperature was
increased, the equilibrium concentration on the solid phase
RSC Adv., 2019, 9, 15727–15737 | 15731
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Fig. 9 Adsorption breakthrough curves at different flow rates.
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decreased, which was also consistent with the results of batch
experiments. This meant that the equilibrium was reached
quickly for higher operating temperature.

3.4.2. Effect of ow rate on breakthrough curve. The effect
of the ow rate on the outlet pH is shown in Fig. 9. It was
illustrated that breakthrough generally occurred faster with
higher ow rate. The time to reach saturation adsorption
decreased signicantly with the increase of the ow rate. At
a high inlet ow rate, light naphtha had less time in contact
with 13X, which resulted in lower removal of MDEA in the
column. At a high ow rate, the solute diffused on the surface of
the adsorbents due to insufficient residence time in the column,
and the adsorption capacity was low, so the solute le the
column before equilibrium occurred.40
3.5. Study of mechanism

3.5.1. XPS. X-ray photoelectron spectroscopy (XPS) was
used to characterize the binding energy between the elements
in 3X. Fig. 10 shows the XPS spectrum before and aer 13X
adsorption of MDEA. It can be seen from the gure that the
elemental peaks of 13X aer adsorption were signicantly
reduced, indicating that the active group containing these
elements participated in the adsorption process.

Fig. 11(a) and (b) show the C1s energy spectrum of 13X
before and aer adsorption of MDEA. The 13X carbon compo-
nent aer adsorption increased from one peak at 285 eV to two
Fig. 10 XPS energy spectrum: (a) fresh 13X, (b) absorbed 13X.

15732 | RSC Adv., 2019, 9, 15727–15737
peaks at 285 eV and 286.6 eV, of which the 285 eV and 286.6 eV
peaks represented C–H and C–OH or C–N, respectively, indi-
cating C–OH or C–Nwas probably involved in the reaction in the
course of the adsorption of MDEA.41 Fig. 11(c) and (d) show the
N1s energy spectrum before and aer 13X adsorption of MDEA.
The 13X nitrogen component aer adsorption increased from
two peaks at 402.5 eV and 400.6 eV to three peaks at 402.4 eV,
400.4 eV and 399.7 eV, of which 402.4 eV, 400.4 eV and 399.7 eV
represented NH4

+, C–N–C and –NH–, respectively, indicating
that the –NH– group was possibly involved in the adsorption
process.42 Fig. 11(e) and (f) show the O1s energy spectrum
before and aer 13X adsorption of MDEA. 13X had the same
oxygen component before and aer adsorption of MDEA. In the
13X O1s energy spectrum aer adsorption, 532.7 eV, 531.9 eV
and 531.05 eV represented C–OH, C–O–C and O-metal elements,
respectively. Although the positions of oxygen-containing
functional groups before and aer adsorption had not
switched, the competitiveness of C–OH and C–O–C were
reduced, indicating that C–OH and C–O–C groups were likely to
be involved in the adsorption.43

3.5.2. FT-IR. Fourier-transform infrared (FT-IR) spectros-
copy analysis was carried out to provide information about the
characteristic peaks of the functional groups, as shown in
Fig. 12. The infrared spectra of the adsorbed 13X and the fresh
13X were basically the same, and they had the same absorption
peaks at 979, 751, 561, and 456 cm�1. The absorption peaks of
13X near 3475 and 1643 cm�1 were the –OH or –NH2 stretching
vibration peak and –OH bending vibration peak arising from
absorption of H2O in the moist air or MDEA in light naphtha,
respectively. It can be seen that the absorption peaks near
3475 cm�1 of 13X aer adsorption were slightly strengthened
and shied. Simultaneously, the stretching vibration peaks of
C–H and C–N appeared at 2960.3 and 1411.2 cm�1 aer
adsorption. It was inferred that –OH or –NH2 was involved in
the adsorption process. Additionally, the spectrum of the
regenerated 13X was almost the same as the spectrum of the
fresh 13X. This also illustrated the effectiveness of regeneration,
which could restore the adsorption performance of the 13X.

3.5.3. Analysis of supplemental experiments. The
isothermal adsorption curve describes the interaction between
adsorbates at a certain temperature. The commonly used
This journal is © The Royal Society of Chemistry 2019
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Fig. 11 C1s (a and b), N1s (c and d) and O1s (e and f) XPS energy spectra of fresh 13X (a, c and e) and absorbed 13X (b, d and f).
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adsorption models are the Langmuir isotherm adsorption
model and the Freundlich isotherm adsorption model.44 The
adsorption equations for the Langmuir isotherm adsorption
model and the Freundlich isotherm adsorption model are as
follows:

Qe ¼ KLQmCe

1þ KLCe

(1)

Qe ¼ KFCe
1/n (2)

where Qe is the equilibrium adsorption capacity (mg g�1), KL

and KF are the equilibrium constants of the Langmuir (L mg�1)
This journal is © The Royal Society of Chemistry 2019
and Freundlich (mg g�1 (L mg�1)1/n) systems, Qm is the
maximum adsorption capacity (mg g�1), Ce is the equilibrium
concentration (mg L�1), and n is the equilibrium constant of the
system.

Fig. 13 shows the isothermal adsorption curves of 13X, silica
gel and NKA-9 aer adsorption of MDEA, and the tting
parameters. That the isothermal adsorption of MDEA by the
three adsorbents was more in line with Langmuir equation
revealed that the adsorption process was dominated by chem-
isorption and the adsorption process was monolayer adsorp-
tion. The adsorption capacities of 13X, silica gel and NKA-9 for
MDEA given by the Langmuir tting curve were 53.189, 34.863
and 45.889 mg g�1, respectively, indicating that the adsorption
RSC Adv., 2019, 9, 15727–15737 | 15733
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Fig. 12 FT-IR spectra of fresh 13X (a), absorbed 13X (b) and desorbed 13X (c).
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of MDEA by 13X was better than that by the other two adsor-
bents, which was consistent with the results of the previous
experiments.

The thermodynamic parameters enthalpy change (DH0),
entropy change (DS0) and Gibbs energy change (DG0) could be
used to characterize the adsorption heat and the spontaneity of
Fig. 13 Langmuir and Freundlich isothermal adsorption fitting curves of

15734 | RSC Adv., 2019, 9, 15727–15737
adsorption process.45 The parameters can be calculated using
the following equations:

Kc ¼ CAe

CBe

(3)

DG0 ¼ �RT ln Kc (4)
13X (a), silica gel (b) and NKA-9 (c).

This journal is © The Royal Society of Chemistry 2019
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ln Kc ¼ DS0

R
� DH0

RT
(5)

where Kc is the adsorption equilibrium constant, and CAe and
CBe are the contents (mg L�1), at equilibrium, of MDEA in the
adsorbent and solution, respectively. T is the adsorption
temperature (K) and R is the gas constant, which is equal to
8.314 J mol�1 K�1.

The slope and intercept of the tting line of ln Kc and 1/T
could be used to calculate the values of DH0 and DS0, as shown
in Fig. 14. The isothermal thermodynamic parameters calcu-
lated from Fig. 14 and eqn (4) are listed in Table 2. The DH0 of
13X was a negative value, indicating that the adsorption was an
exothermic reaction. On the contrary, the DH0 of the silica gel
and NKA-9 were positive values, indicating that the adsorption
was an endothermic reaction. This also conrmed the hypoth-
esis in the above experiment. The entropy change DS0 was
positive, indicating that the randomness increased with the
removal of MDEA by 13X, silica gel and NKA-9. The negative
value of DG0 indicated that the adsorption process occurred
spontaneously. Additionally, as the temperature increased, the
value of DG0 decreased, indicating that the degree of sponta-
neous adsorption of MDEA and the feasibility of adsorption
increased.

3.5.4. Adsorption mechanism analysis. According to the
isothermal adsorption tting curve, the adsorption conformed
to the Langmuir thermodynamic model, indicating that the
adsorption was dominated by chemisorption. Combined with
Fig. 14 Isothermal kinetic linear fitting of 13X, silica gel and NKA-9.

Table 2 Isothermal thermodynamic parameters of 13X, silica gel and
NKA-9 at different temperatures

Adsorbent Temperature (K) ln Kc

DG0

(kJ mol�1)
DS0

(J mol�1 K�1)
DH0

(kJ mol�1)

13X 293 4.449 �10.838 25.424 �3.391
303 4.406 �11.099
313 4.360 �11.346

Silica gel 293 3.949 �9.620 53.833 6.164
303 4.018 �10.122
313 4.111 �10.700

NKA-9 293 5.130 �12.497 49.094 1.880
303 5.167 �13.016
313 5.179 �13.477

This journal is © The Royal Society of Chemistry 2019
the results of XPS and FT-IR analysis and the molecular
formulae of 13X and MDEA, it could be concluded that the
hydroxyl group and the amino group participated in the
adsorption process. In addition, in accordance with the char-
acteristics of the 13X porous structure, it can speculated that the
adsorption process includes physisorption, such as capillary
pore cohesion.46,47 In addition to capillary pore cohesion,
hydrogen bonding is also a type of physical adsorption force
whose interaction is slightly stronger than the intermolecular
force and weaker than the covalent bond and the ionic bond.48,49

The adsorption of MDEA in light naphtha by 13X could be
attributed to a combination of chemisorption and phys-
isorption. The –OH and –NH2 functional groups were involved
in chemisorption while physisorption was likely to be in the
form of hydrogen bonds O–H/N and O–H/O, which could
also lead to the shi of characteristic peaks in FT-IR and XPS.
3.6. Reusability

Usually, the regeneration of the adsorbent is carried out by
using N2, C2H4 or steam to remove the adsorbate on the surface
of and inside the adsorbent.50,51

The saturated 13X was regenerated with steam, in two
successive adsorption–regeneration operations, and the results
obtained are shown in Fig. 15. It can be seen from Fig. 15 that
when the saturated 13X was rst regenerated, the regeneration
effect was better. The saturation time aer the rst regeneration
was 11.5 h, which exceeded 95% of that of the fresh 13X. Aer
the 13X had been regenerated for the rst time, it was subjected
to a second round of adsorption–regeneration. When the satu-
rated 13X aer the second adsorption was regenerated once
again, its adsorption activity was restored to 85% of that of the
fresh adsorbent.

As shown in Fig. 16, by testing the pH of the steam
condensate, it could be found that the pH rst increased and
subsequently decreased as the amount of MDEA from the
surface of the adsorbents carried by the steam was relatively
minor. Aer a certain time, the MDEA inside the adsorbents
owed out with the steam, so the pH rose, and with the removal
of this part of the MDEA, the pH gradually decreased, until aer
about 3 hours it became almost neutral; at this point the
regeneration was complete.
Fig. 15 Adsorption–regeneration effect curve.
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Fig. 16 pH of steam condensate after regeneration.
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4. Conclusion

The adsorption effects of silica gel, NKA-9 and 13X on MDEA in
light naphtha were studied. The adsorption capacities from
high to low were: 13X > NKA-9 > silica gel, with values of 53.189,
45.889 and 34.863 mg g�1, respectively. The results depicted
that the isothermal adsorption of MDEA by the three adsorbents
was more in line with the Langmuir equation, which showed
that the adsorption process was dominated by chemisorption
and the adsorption process was monolayer adsorption. In
addition, the effects of temperature and ow rate on the 13X
adsorption of MDEA in light naphtha were explored based on
the use of a xed adsorption bed, and it was found that as the
ow rate and the temperature decreased, the adsorption effect
became better. Similarly, the effectiveness of steam for 13X
regeneration aer adsorption saturation was investigated, and
the steam regeneration effect was conrmed to be remarkable.
Specically, the rst regeneration recovered in excess of 95% of
the activity of the fresh 13X, and aer the second adsorption–
regeneration process the adsorption activity of 13X was restored
to 90% of that of the rst regenerated 13X and 85% of that of the
fresh 13X. In addition, the mechanism by which MDEA in light
naphtha is adsorbed by 13X was studied, and it was found that
the adsorption of MDEA in light naphtha by 13X was mainly
chemisorption involving –OH and –NH2 functional groups.
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