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In order to better guide the design of industrial process for purification and recovery of VOCs, tempera-
ture swing adsorption (TSA) and temperature vacuum swing adsorption (TVSA) process for VOCs purifi-
cation and recovery were studied systematically with activated carbon adsorbent. The adsorption and
desorption behaviors of benzene on activated carbon in above two processes were investigated system-
atically. Effects of operating parameters on process performances were further analyzed, including as
regeneration temperature, purging feed ratio and hot-cold purging ratio. The results showed that the

582’2 ords: increase of hot-cold purging ratio (HP/CP) could obtain the same regeneration effect as the increase of
TSA desorption temperature. Increasing the feed purge ratio without increasing the hot-cold purging ratio

TVSA is not conducive to bed regeneration, because a large number of cold purge gases cannot utilize the resid-
ual heat of temperature wave, thus reducing the desorption effect of the cooling step on the bed. In addi-
tion, the vacuum step can enhance the regeneration ability of hot nitrogen to the bed at the same
regeneration temperature, making the bed regeneration of TVSA process more thorough. Temperature
in the middle and lower part of the bed in TVSA process was higher and the regeneration was more thor-
ough. In conclusion, TVSA has more obvious advantages than TSA in terms of energy consumption, hot or
cold purge volume and bed regeneration.
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1. Introduction

Volatile organic compounds (VOCs) are the most common pol-
lutants emitted by chemical, petrochemical, pharmaceutical and
related industries [1,2], including benzene, toluene, xylene, chlori-
nated hydrocarbons, kerosene and so on [3,4]. Many volatile
organic compounds have been detected to cause photochemical
smog and haze in cities, and are even toxic to humans, causing
health threats, such as sensory irritation symptoms, severe respira-
tory and metabolic disorders [5]. It was reported that China emit-
ted about 23.3 million tons of volatile organic compounds into the
atmosphere in 2015 [6]. Therefore, the removal and recovery of
VOCs from tail gas has been paid more and more attention [7].
Many technologies for the treatment of tail gas containing volatile
organic compounds have been proposed in the market, such as
thermal oxidation, catalytic oxidation, adsorption, absorption, con-
densation, biofiltration and membrane technology [8]. At present,
the most suitable control technology of volatile organic com-
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pounds is adsorption [9]. This method can be used to purify the tail
gas or recover VOCs according to the different concentration of
VOCs in the gas source. in the adsorption process, it is first
adsorbed on the adsorbent, desorbed and then passed into the oxi-
dation-reduction furnace or directly burned to complete the tail
gas purification [10,11]. The desorbed VOCs gas can also be col-
lected at the bottom of the bed, and the concentration can be
increased to the extent that it can be recovered at room tempera-
ture or condensation to recover liquid VOCs [12,13]. Among them,
Temperature swing adsorption is the mainstream technology for
the treatment of VOCs [14-16]. There are many commercial adsor-
bents that can be used to control VOCs, including granular acti-
vated carbon (GAC), structured activated carbon, activated carbon
fiber (ACF) and zeolite molecular sieves. It is true that it is easier
to choose suitable adsorbents according to different molecular
diameters and characteristics of VOCs, but activated carbon is still
the most commonly used VOCs adsorbent [17]. The adsorption
process is carried out in a cyclic manner. The airstream containing
volatile organic compounds passes through the adsorbent bed, and
the VOCs molecules are adsorbed in the adsorbent channel and the
clean gas is released into the atmosphere. When the adsorption
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bed is saturated and it could not effectively capture VOCs. The
duration of adsorption step should be terminated. The heat regen-
eration of adsorbent carried out subsequently and the VOCs would
be desorption completely from adsorbent. After cooling adsorbent,
a new cycle could start [17]. In industry, at least two adsorption
beds are used alternately to complete the adsorption, heating
and cooling steps to ensure continuous feeding [18]. After hot air
purging and desorption, the activated carbon bed becomes hot
and wet, and it is difficult to play a role in the adsorption step with-
out going through drying and cooling steps [1,4,17,19]. Hot nitro-
gen purging does not need drying steps, however, a large flux of
hot gas source is necessary to heat the bed directly by high temper-
ature air flow, and the subsequent problem is that a large amount
of purging gas dilutes the concentration of volatile organic com-
pounds in the tail gas [18]. Therefore, a lower condensation tem-
perature is often needed, and the price of nitrogen is very
expensive, the amount of nitrogen and heating temperature have
become issues worthy of discussion [20].

Nastaj et al. [21] studied the cyclic two-bed VTSA process of 2-
propanol Sorbonorit 4 adsorption system on the basis of computer
simulation. The effects of desorption temperature, pressure and the
amount of purging gas on the desorption efficiency of 2-propanol
were studied. the results show that compared with TSA process,
the desorption process can be carried out with smaller purge flow
under vacuum conditions, resulting in higher desorption compo-
nent concentration, which can be recovered by condensation at
medium temperature.

Using activated carbon as adsorbent, the dynamic simulation of
cyclic thermal swing adsorption (TSA) system was carried out in
Ko’s study [22]. Through cyclic simulation, the effects of purge
gas temperature on penetration curve, purge gas convergence
time, cycle operation step, purge gas consumption, regeneration
energy demand and purge gas adsorption capacity were discussed.
The results show that the regeneration of the previous cycle does
not completely affect the adsorption efficiency of the current cycle.
When the regeneration temperature rises to a certain temperature
point, the convergence rate of CSS will accelerate, but the further
increase of regeneration temperature will cause the convergence
rate of CSS to slow down.

Han et al. [23] studied the adsorption and desorption behavior
of two typical polar-nonpolar VOCs (butyl acetate and p-xylene)
on activated carbon by variable temperature-vacuum pressure
swing adsorption (TS-VSA) process. Compared with single temper-
ature swing adsorption (TSA) and vacuum pressure swing adsorp-
tion (VSA), this enrichment can not only significantly improve the
desorption efficiency of total adsorbed VOC mixture (more than
30%), but also reduce desorption time and energy consumption.
The results show that the removal and recovery of VOCs by acti-
vated carbon are stable and the adsorption capacity is more than
85%.

The theoretical and experimental study on the recovery of
toluene (VOCs) from tail gas by activated carbon in circulating
thermal swing adsorption (TSA) was carried out by Ambrozek
[24]. The effects of purging gas and condensation temperature on
the process efficiency were studied by computer simulation
results. The results show that toluene can be recovered in the med-
ium condensation temperature range even if the exhaust tempera-
ture is moderate [24].

Sui et al. [25] designed a set of pressure swing adsorption
energy-saving device, which is used to remove high concentration
toluene vapor from silica gel at room temperature. Vacuum des-
orption experiments show that at room temperature, the desorp-
tion rate of silica gel to toluene vapor (61.6%) is much higher
than that of activated carbon (46.22%). At room temperature, the

desorption rate of silica gel to toluene vapor is 61.6%, while that
of activated carbon to toluene vapor is 46.22%. The adsorption of
toluene by silica gel is easier and faster than that of activated
carbon.

Jung et al. [26] investigated the effects of operating conditions
such as benzene concentration, nitrogen flow rate, water vapor
flow rate and bed temperature on the removal of VOC by TSA pro-
cess. When the benzene concentration was 2% (vol), the total
adsorption capacity of 13X zeolite and activated carbon was
4.44 g and 3.65 g, respectively. The results show that the desorp-
tion amount increases with the increase of bed temperature. How-
ever, when the temperature is above 150 °C, the desorption
amount is basically unchanged and the energy consumption
increases. The experiment of continuous cycle process showed that
the amount of residual benzene at the end of regeneration
remained basically unchanged after the fourth cycle.

Talmoudi et al. [27] uses activated carbon adsorption to recover
dichloromethane and acetone from nitrogen. The effects of operat-
ing parameters such as adsorption step, vacuum and desorption
temperature on the recovery of dichloromethane and acetone were
investigated by establishing TSA/VSA adsorption model. The
results show that TE vacuum pressure and desorption temperature
should be carefully selected to reduce energy consumption and
shorten the duration of purging steps. Hot nitrogen regeneration
seems to be more effective than decompression regeneration.

Although there have been many theoretical and experimental
studies on the TSA process [28-37], The purpose of this work
was to systematically study the influence of operating variables
on the process, especially the influence of hot and cold purging
ratio and purge feed ratio on process recovery. At the same time,
the desorption, cooling step temperature, concentration change
trend, bed regeneration degree and their effects on the process
were explored after adding vacuum steps, which was of practical
significance to guide industrial design.

2. Process Description
2.1. TSA

In a typical TSA process, in order to meet the requirements of
continuous feed in industry, the process in this study was designed
as two beds. Table 1 provided the cycle sequence of the first stage
of TSA process, including adsorption (AD), hot purge (HPUR) and
cold purge (CPUR) steps. Fig. 1 showed a schematic diagram of
the TSA loop. As shown in Fig. 1, the tail gas containing 0.4%
(vol) CgHg and 99.6% (vol) N first passes through the adsorption
bed (8000 s), the adsorption pressure was 101.325 kPa (or the
exhaust pressure was selected), the strong adsorbate CgHg was
adsorbed on the activated carbon, and the weak adsorbate was dis-
charged from the top of the bed. Before C¢Hg penetrates the bed
(the concentration of CgHg at the top of the bed was lower than
1077 or the emission standard was selected), the adsorption step
was stopped to ensure that the exhaust gas met the emission stan-
dard. Then enter the hot purging step, the N, gas storage tank at
the top of the bed introduces a stream of N, into the adsorption
bed requiring hot purging and desorption (4000 s) after being
heated by the heat exchanger at the top of the bed, with a large
amount of CgHg discharged from the bottom of the bed, when
the temperature in the middle of the bed rised to 323 K, the des-
orption was stopped, and cold nitrogen was used to purge and cool
down (4000 s). When the temperature of the exhaust gas from the
bottom of the bed was lower than 320 K, the cooling step is
stopped, the next cycle was started, and all steps were exactly
the same as the first cycle.
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Table 1
Cycle sequence of the TSA process
Time/s 4000 4000 4000 4000
BED A AD AD HPUR CPUR
BED B HPUR CPUR AD AD
Heat exchanger
:> Clean gas N,
Buffer tank
Buffer tank
::)g had
Industrial tail gas ::}
High concentration VOCs
o e I
=
lTVSA takes the route inside the dotted line |
Fig. 1. Process schematic diagram for the TSA and TVSA cycle.
2.2. TVSA air streams produced benzene steam in the sealed container

The cycle structure and step sequence in the TVSA process were
basically the same as those in the TSA process, except that the vac-
uum pump was added during hot purging and cold purging (the
bed was gradually pumped to 0.03 MPa during hot purging, and
the cold purging step vacuum pump provides the same power.
The Cycle sequence is shown in Table 2.

3. Experiment and Mathematical Model
3.1. Dynamic adsorption experiment

Selecting an appropriate adsorbent is critical to the adsorption
process. Activated carbon are the most commonly used adsorbents
for purifying VOCs [7,22-24,28-31], Additionally, the activated
carbon should be activated under vacuum at the temperature of
300 °C for 3 h before the applying to isotherm measurements.
The adsorbates of high purity benzene (>99.999% (mass)) and N,
(>99.999% (vol)) were supplied by Tianjin Taiya (Tianjin, China).
The physical properties of the adsorbents are listed in Table 3.

Before the measurement of gas adsorption, the adsorbent sam-
ple was discharged under vacuum (10 kPa, absolute pressure) for
10 h at 450 K to remove impurities. In order to test the adsorption
capacity of benzene on activated carbon, the adsorption isotherms
of benzene on activated carbon were measured by high resolution
Micromeritics3 Flex volumetric adsorption apparatus at five differ-
ent temperatures (298 K, 348 K, 398 K, 448 K and 498 K). Using the
device diagram was shown in Fig. 2, benzene vapor (4x10~3) was
dynamically adsorbed on activated carbon (see Fig. 3).

In this experiment, nitrogen was stored in a cylinder and used
as an inert gas. Nitrogen was divided into two strands by a tee
cock, both of which were controlled by a Flowmeter. One of the

through continuous and stable bubbling, and the other air stream
runs to dilute the benzene steam. The combined flow passes
through the adsorption column (100 mm x 1000 mm), in which
the adsorbent (3.14 g) was loaded. Another parallel bypass was
designed to introduce benzene directly into the gas chromatogra-
phy detector so that the initial concentration of benzene can be
measured. Gas chromatography (GC7900, China Timi) was
installed, equipped with a quartz capillary column
(length x inner diameter x thickness, 50 m x 0.32 mm x 1.0 pm),
a FID detector and a computer, and connected online to detect
the airflow composition of the adsorption column. The tempera-
tures of capillary column, detector and syringe were kept at 100
°C, 200 °C and 200 °C, respectively. Nitrogen and hydrogen were
used as inert and fuel gases. Here, the initial concentration of ben-
zene vapor was controlled at 4x 1072 by adjusting the needle valve.
At room temperature, the velocity of the combined flow was fixed

Table 2
Cycle sequence of the TVSA process
Time/s 4000 4000 4000 4000
BED A AD AD HPUR&VU CPUR&VU
BED B HPUR&VU CPUR&VU AD AD
Table 3
Physical properties of Sorbonorit 4 activated carbon
Property Value
Particle size/m 3.67 x 103-72 x 1073
BET surface area/m?.g ! 1200
Bulk density/kg-m—> 407
Heat capacity/J-kg 1K' 800
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at 500 L-min~"' (101.325 kPa, 0 °C). For the desorption system, the
heating vacuum desorption method was used to recover the
adsorbed benzene from the saturated adsorbent. When the con-
centration of benzene vapor at the outlet was constant and close
to or equal to the initial concentration, it was proved that the
adsorbent is saturated by benzene vapor and reaches the adsorp-
tion equilibrium. Then, the adsorption column was removed and
connected to the heating furnace and vacuum pump (498.15 K,
10 kPa, absolute pressure) to remove the adsorbed benzene. In
the process of heating vacuum desorption, along with the heating
and desorption of the heating furnace, and by changing the partial
pressure of benzene vapor, inhaling air as desorption gas, further
deep desorption of benzene (see Table 4).

3.2. Mathematical model [38]

In this section, we established a rigorous mathematical model
to simulate TSA and TVSA processes reliably and accurately. The
basic model of the adsorption process based on the laboratory scale
was assumed as follows.

(1) The gas obeys the ideal gas law;

(2) Radial gradients of concentration, velocity and temperature
are neglected;

(3) The gas phase and solid phase are in thermal equilibrium;

(4) Extended Langmuir model was employed to describe the
competitive adsorption behaviors and the adsorption
equilibrium;

(5) The pressure drop along the adsorption bed is described by
the Eugen equation;

(6) The mass transfer between solid and gas phase are
expressed by a linear driving force (LDF) model.

Based on the above assumptions, a mathematical model of
mass, energy, momentum, and adsorption equilibrium was estab-
lished to describe the dynamic adsorption behavior of C¢Hg and
N, in adsorption column.

The mass balance equation of component i based on the ideal
gas assumption are expressed by Eq. (1):

0*c; O(vge ac; aq;
_SbDaxt 0z 21 + (ag I) + (Sb + (1 - 8b)gl)) ot p (1 - Sb) atl =0
O(v,C) ac " 9q;
by — 2+ (8 + (1= &)8p) 50+ (1 fs.,);aft':o (1)

The axial dispersion coefficient D.x; and Dy, are calculated by
Eq. (2) and Eq. (3) respectively:

Vgl

Dyxi=0.73Dm; + (+9+)9§"f,) (2)

0.1013T"", /(51 +31)

D = 3)

PDR + D)’
Gas phase energy balance (Eq. (4)):

—kgsb%+ CugUgpy 8T +£bcvgpg@+P807;g
(T, =T + 2 Ty = To) =0 @)
Solid phase energy balance (Eq. (5)):

—ks 887; + prpwég;s + Py i( pain) ot + prAH%
= hsoyp(Tg = T5) = 0 (5

Adsorption bed wall energy balance (Eq. (6)):
82T oMy 4D,
o2 TPy (Dy + Wy)* - Dp
4(Dy + Wy)*
2 T
" (Dy + W)’ - Dy

—kw =5 (Tg = Tw)

+ Ha (Tw - Tamb) =0 (6)

The pressure drop along the adsorption bed is described by the

Ergun equation given in Eq. (7):
oP  150u(1

_ ’Sb)z
——:ﬁUng 1.75M
oz & (2rp )

(1—é)pg

Wﬂ’g\ﬂg (7)

The extended Langmuir model is used to describe the compet-
itive adsorption of CgHg and N, on activated carbon is expressed

by Eq. (8):
. IP],e[PTZ’P
G =——F " 8)
1+ lege%n
i=1
Finally, the linear driving force (LDF) model used to estimate
lumped mass transfer rates is expressed by Eq. (9) [39,40]:

aa.
(% = kipki(q; — G;) 9)
While the mass transfer coefficient of component i is calculated
by Eq. (10):
QD.; 3D;

kLDF,i = ;ﬂ% == rg' (10)

In the above equation, the adsorption heat of the gas is calcu-
lated by the Clausius-Clapeyron equation (Eq. (11)):

8lnP,»
oT

—AH; = RT< (11)

The corresponding parameters and physical properties of the
adsorbent as well as the adsorption bed are provided in Table 5.
A series of parameters of feed and process operating are summa-
rized in Table 6.

Additionally, three performance indicators include purity,
recovery and energy consumption, which are employed to com-
pare and evaluate the performance of various processes, as defined
from Eq. (12) to Eq. (14).

fcyc]e
fO Fproductyproduct.,idt

Purity = =" x 100% (12)
focyce Fproductdt
'tC cle
Recovery — ./0 v Fproduct,iyproduct.,idt (‘13)
- tC cle
fo v Ffeed,iyfeed.cshsdt
Energy consumption =
tevcie FreedPreed? | Preed 1 tevae FvacPvac) | Preed "
cycle - _feed!"feed / _ 1 dt cycle — 1 dt
B 55 =1) | P B 56=1) | P
F, + f s
product product
(14)

for TSA and TVSA, S is the heating energy.

2
prpwvwall(TH - TL) + Cpspsvcol(TH - TL) + pbvcolZAni(_AHi)

—
S= !
F feed Lfeed

(15)

Where An; is the difference in loading on the heating stage.
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Fig. 2. Schematic diagram of experimental device.
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Fig. 3. Adsorption isotherms of C¢Hg and N, on activated carbon.

Table 4
Adsorption isotherm parameters fitted by the extended Langmuir model
IP1/kmol-kg~'-kPa~" IP2/K IP3/kPa™! 1P4/K AH/k]-mol~!
CeHg 2.85x107° 3471 4.18x107* 1570 -50.0
N, 8.91x107° 1623 1.43x1074 351.3 -18.5

4. Results and Discussion
4.1. Analysis of the TSA process

The change of operation parameters will affect the performance
of the whole process. Therefore, some key parameters, including
feed flow rate, hot-cold purging ratio (HP/CP) and purge feed ratio
(P/F), were selected to evaluate their effects on the performance of
TSA. The corresponding simulation results were shown in Table 7.

It can be observed from Table 7 that with the increase of des-
orption temperature of 15%, the purity of nitrogen at the top of
the bed increased from 99.901% (vol) to 99.996% (vol), the purity
of CgHe increases by 25% and the recovery increased by 21%. The

reason was that the increase of desorption temperature made the
bed regeneration more complete (Fig. 4(a)), the interception rate
of CgHg was higher and the purification effect was better in the
adsorption step. Under the condition that the purge ratio was basi-
cally unchanged, the increase of C¢Hg desorption amount will
increase the purity and recovery of CgHg, and the energy consump-
tion of treating each cubic meter of tail gas will also increase by
13%. Through run 4-6, it can be seen that when changing the HP/
CP ratio (from 2.54 to 5.6), if the desorption temperature was not
changed, it will not affect the maximum desorption concentration
of CsHg, the purity of CgHg or even the purity of Ny, but affected the
recovery rate of CgHg. Because with the increase of the amount of
hot nitrogen, although the desorption capacity of CsHg increased
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Table 5
Physical properties of adsorbent and adsorption bed
Parameters Value
Hp/m 1
D/m 0.1
W/m 0.002
&b 0.44
£ 0.67
V] 0.941
pwlkg-m3 7800
Cps/KJ kg 1K™ 0.8
Cpw/KI-kg MK ! 0.52
kipr cenels ! 1
kiprne/s ™! 0.5
Table 6
Parameters of feed and process operating conditions
Parameters Value
Feed
T/K 298.15
Tamb/K 298.15
P/MPa 0.1
Process operating conditions
Teool/ K 298.15
Theat/K 423.15

(Fig. 4(b)), and a large amount of hot nitrogen will dilute the des-
orption flow, which had a negative impact on the recovery of CgHg,
but it had a real impact on the purification (higher bed regenera-
tion), and the specific energy consumption increased by 30%. It
can be seen that the higher the H/C purging ratio, was not the bet-
ter, then there must be an optimal H/C purging ratio. This study
was discussed in detail below. According to run 1, 8, 9, it can be
seen that the increase of the ratio of P/F can significantly improve
the purity of N, (purification effect). Due to the increase of the
amount of N, the desorption purity of CgHg is greatly diluted,
although the recovery rate of CsHg was improved, but a lower con-
densation temperature needed to recover CgHg. At the same time,
the specific energy consumption increased greatly with the
increase of CgHg (75.9%). This showed that the bed can be further
regenerated with the increase of P/F ratio (Fig. 4(c)). According to
run 7, it can be found that reducing the feed rate can significantly
improve the tail gas purification efficiency when other parameters
in the process were limited, because the adsorption front was

Table 7
Simulation results of TSA process with different operating conditions

controlled in the bed (Fig. 5(a)). However, in order to maximize
the process purification and recovery efficiency, other parameters
need to be reasonably selected. Finally, according to run 3, 10,
11, it can be seen that the similar effect can be obtained by increas-
ing the desorption temperature and increasing the hot and cold
purging ratio. When using the adsorbent which was not resistant
to high temperature, reducing the desorption temperature and
increasing the H/C washing ratio can get a good effect. As shown
in Fig. 5(b), the solid concentration curve at 453.15 K 15.3% (vol)
purging ratio was lower than that of 483.15 K 12.2% (vol) purging
ratio, indicating that increasing HP/CP can increase the desorption
temperature. In addition, in order to prove that increasing purging
ratio without increasing HP/CP ratio can not increase bed desorp-
tion rate, a group of control experiments (run 11) were carried
out under the condition of 453.15 K 14.4% (vol) purging ratio.
The solid concentration curve at the end of the desorption step
should be between the black line and the green line, but the fact
was that the purple line is higher than the black line, and the cor-
responding yellow line was higher than the green line, indicating
that increasing the purging ratio without increasing the HP/CP
ratio was not the main influencing factor. The reason was that
although the amount of hot nitrogen purging increases after
increasing the purging ratio, the amount of cold nitrogen is
increased. The reason for the incomplete regeneration of the des-
orption step was that the heat provided by the increased hot purg-
ing was lower than that increased by increasing the regeneration
temperature. although the amount of cold purging in the cooling
step increases, but in the cold purging step, the regenerated bed
essentially regenerates the bed by driving away the temperature
wave in the bed, and excessive cold blowing will undoubtedly
make the bed cool rapidly, resulting in a greater decrease in tem-
perature during the process of temperature wave (Fig. 6). The
adsorption bed cannot be further regenerated. On the contrary,
after increasing the HP/CP ratio, we can see from Fig. 5(b) when
the desorption step of 453.15 K 15.3% (vol) purging ratio ends
the solid concentration curve (red line) was close to the solid con-
centration curve (green line) at the end of the cooling step. Finally,
with the temperature wave is moved down by the cooling step to
complete the complete desorption of the bed.

Fig. 6(a) showed that the gas temperature at the top of the bed
is 360 K, the Fig. 6(b) was 380 K, and the highest Fig. 6(c) was
400 K, which verified the above conjecture that the intersection
point of curve change on the way reflected the moving speed of
the temperature wave. The greater the cold scavenging volume,
the more to the right the intersection point. At the same time, this
intersection point was also related to the temperature difference at

Run No. Feed flowrate Com. HP/CP P/F T/K L/D Max COD. N, Pur. CgHgPur. CgHgRec Energy consumption
/Lmin~' (101.325 kPa, 0 °C) /% (vol) /m*m~3 /kmol-kmol " /% (vol) /% (vol) /% (vol)  ratio/MJ-m~>
500 0.40 0.1325 3.75 42315 10 0.0358 99.9010 2.07 78 0.0184

2 500 0.40 0.1274 3.75 453.15 10 0.0466 99.9720 2.42 82 0.0197

3 500 0.40 0.1220 3.75 483.15 10 0.0553 99.9960 2.58 85 0.0208

4 450 0.40 0.1294 2.54 423.15 10  0.0353 99.9104 2.16 80 0.0146

5 450 0.40 0.1473 3.75 42315 10 0.0358 99.9611 2.07 80 0.0177

6 450 0.40 0.1464 5.60 423.15 10 0.0360 99.9700 2.17 80 0.0190

7 400 0.40 0.1657 3.75 42315 10 0.0330 99.9999 1.96 90 0.0155

8 500 0.40 0.2651 3.75 42315 10 0.0353 99.9975 1.19 88 0.0271

9 500 0.40 0.0835 3.75 42315 10 0.0356 99.8206 2.36 73 0.0154

10 500 0.40 0.1532 5.00 453.15 10 0.0472 99.9970 2.07 85 0.0229

11 500 0.40 0.1442 3.20 453.15 10  0.04366 99.9401 2.15 83 0.0203

Note: Com.—component, COD.—Concentration of desorption.
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the bottom of the bed (the intersection point moves to the right
with the increase of the temperature difference), because the
greater the temperature difference, the greater the slope of the
uncooled part of the temperature curve. Because the preheating
of the upper part of the bed will heat up the lower part of the
bed, and the curve will shift to the lower left (the greater the
amount of cold purge, the greater the downward range), so the
intersection point moved to the right with the increase of temper-
ature difference and to the left with the increase of cold purge.

Finally, it can be determined that the greater the amount of cold
blowing, the faster the cooling of the bed, the faster the point of
intersection moves to the left, and the faster the regeneration of
the bed, but the too fast temperature drop will also cause the waste
heat of the temperature wave to be difficult to use effectively and
weaken the effect of bed regeneration. The smaller the amount of
blowing, the slower the cooling of the bed, in addition to causing
the cooling of the bed not to completely affect the adsorption steps,
it will also weaken the downward trend of the temperature curve
and move to the left at the same time. Maximize the use of the
waste heat of the temperature wave to help the bed desorption
completely. All in all, the HP/CP ratio was an important parameter,
and the appropriate HP/CP ratio can maximize the use of energy,
desorption the bed to the maximum while making the bed cool
perfectly, and avoid the heat loss caused by the high outlet temper-
ature at the bottom of the bed in the thermal regeneration step.

4.2. The best HP/CP

We know that the main function of the hot nitrogen purge step
and the cold nitrogen purge step was to control the bed tempera-
ture, the hot purge heats up to the desired desorption temperature,
and the cold purge started the next cycle after cooling to the
adsorption temperature. Secondly, the cold purge will make the
temperature wave of the cooling step move downwards, and the
further desorption of the bed can be realized by using this princi-
ple, and both hot and cold purging will affect the process. So what
is the best ratio of hot nitrogen to cold nitrogen? In this study, the
best blowing ratio of hot and cold nitrogen was determined by ana-
lyzing the relationship between HP/CP ratio and temperature dif-
ference, energy consumption and the relationship between CgHg
purity and regeneration degree. According to industrial experience,
the total amount of purging is usually between 10% (vol)and 15%
(vol), too low purge requires a higher temperature to complete
bed regeneration, too high purge will consume too much nitrogen
and reduce the economic benefits of the process, so the purge/feed
ratio used in this study is 10% (vol) and 15% (vol). The simulation
results are shown in Table 8.

First of all, the temperature difference, purity, recovery and
specific energy consumption of 423.15 K and 483.15 K are com-
pared(Fig. 7), when the temperature difference is greater than 3,
the cooling efficiency of the bed was greatly reduced, and a lot of
waste heat was wasted. At the same time, the energy consumption
increases greatly, and the increasing trend of purity and recovery
slowed down in varying degrees. The reason was that increasing
the amount of hot purge in the desorption step will increase the
desorption amount, however the increased amount of nitrogen at
the same time will dilute the total desorption purity, and the slow-
ing down of the increasing trend of recovery was that the further
desorption of the bed can be completed by using the waste heat
in the bed through the cold purge step, but with the increase of
HP/CP ratio, the effect of the cooling step is greatly weakened with
the decrease of the amount of cold purge (see Table 9).

Through the temperature, purity, recovery and specific energy
consumption diagram of 15% (vol) purge feed ratio(Fig. 8), it can
be further seen that the high HP/CP specific recovery decreased
at 483.15 K. Despite the overall recovery rate is still rising, But this
is due to the rise of desorption temperature so that the bed regen-
eration is complete and HP/CP ratio thoroughly improve at the
same time. While increasing energy consumption, the bed regener-
ation of cooling step is weakened, also can see these phenomena in
423.15 K. All in all, the effect of the process was the best when the
HP/CP ratio was 3, which can not only meet the requirements of
bed heating and cooling, but also take into account purity, recovery
and energy consumption. This effect was more obvious at high des-
orption temperature.
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4.3. Analysis of the TVSA process

From Fig. 9, we can clearly observe that The addition of vacuum
steps leads to more complete bed regeneration. Fig. 9(a) can clearly
display that the incomplete bed regeneration will cause the
adsorption front of the next cycle to advance to the top of the
bed, unable to complete the purification requirements, otherwise
the treatment capacity will be sacrificed, while the bed desorption
was more thorough after the hot purge and cold purge steps are
vacuumed at the same time (Fig. 9(b)). At the end of the hot purge
step, the bed is desorbed completely from 0.25 m to the top of the
bed (only half of the bed can be desorbed in the vacuum-free step
after the end of the desorption step). After the end of the cold
purge step, part of the bed at the bottom of the bed is desorbed
completely (in the vacuum-free step, 25% of the bed was not des-
orbed completely after the end of the cold purge step).

4.3.1. Effect of vacuum on desorption steps

As shown in Fig. 10, the coupling of vacuum steps had a signif-
icant effect on both hot and cold purge steps. first, the desorption
step slows down the rise of bed temperature in the desorption step
after adding the vacuum step, but caused the bed temperature to
rise evenly, in addition, the vacuum step allowed the hot gas to
pass through the bed faster, rather than heating from the top to
the bottom of the bed, through Fig. 10(a) and (b). It was more intu-
itive to find the change of the red line, the temperature at the top of
the bed is reduced by 10 K, but the temperature in the middle and
lower part of the bed is obviously faster. Besides, in the middle of
the bed (between 0.3 and 0.8 m), there was an obvious tempera-
ture fluctuation, which reflected that under the desorption of the
hot purging gas at the top of the bed, the adsorbate in the gas phase
is adsorbed in the middle of the bed where the temperature has
not increased, and the secondary adsorption was formed. The addi-
tion of the vacuum step (Fig. 11(a)) makes the adsorbate not the
same as the conventional step (Fig. 11(b)). The adsorbent has a
strong adsorption exothermic phenomenon in the middle of the
bed, so the temperature difference was small. The slow rising
speed of the temperature in the vacuum step is that the secondary
adsorption occurs successively from the middle of the bed to the
bottom of the bed in the non-vacuum step, and the adsorption

material in the vacuum step can not be lifted by the vacuum pump,
and at the same time, the hot nitrogen passes through the bed
faster.

In addition, the addition of the vacuum step makes the bed des-
orption faster in the hot purging step, and the adsorbate in the
middle and lower part of the bed was removed from the adsorption
bed before it was adsorbed. From the black box of Fig. 8, it can be
found that the increase of adsorption capacity in the middle and
lower part of the bed is significantly reduced. Combined with
Fig. 12, it can be seen more intuitively that between 8000 and
8900 s, the adsorption capacity in the lower part of the vacuum
step increased less, while the desorption capacity in the upper part
of the bed is also significantly larger. Combined with Fig. 12, it can
be found that a large number of adsorbents near the top of the bed
are desorbed after adding the vacuum step, and the temperature
changes from slow to rapid heating, while the bed temperature
in the non-vacuum step rised rapidly and slowed down. the reason
is that the desorption capacity of the bed becomes larger in the
vacuum step, and the heat provided by hot nitrogen after complete
desorption is completely used for bed heating, so the temperature
rises faster.

4.3.2. Effect of vacuum step on cold purging step

Combined with Figs. 9 and 10, we found that the contribution of
the cold purge step to the bed can be further desorbed by using the
waste heat in the desorption step besides cooling the bed. Accord-
ing to Fig. 13(a), the vacuum step made the temperature front of
the desorption step push downwards, and the temperature distri-
bution in the middle and upper part of the bed is basically the
same, with higher temperature in the middle and lower tempera-
ture at the bottom. As exhibited in Fig. 14(a), the solid concentra-
tion corresponding to the increase in temperature is lower, so it
was the low solid concentration that caused the bed temperature
to rise faster. As described in Fig. 13(b) and (c), we found that
the higher temperature in vacuum occurs when there was no
external heat source in the cold purging step, which was partly
due to the higher bed temperature in the hot purging step, the
other part was caused by the fact that the adsorbent was regener-
ated more thoroughly without endothermic desorption. Through
Fig. 14(b) and (c), we can observe that the difference in solid con-
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Table 8
Simulation results of TSA process with different HP/CP
Run No. T/K HP/CP P/F L/D Touttet/K AT[K Purity Recovery Energy consumption
/m3m~3 /kmol-kmol ! /% (vol) /% (vol) /MJ-m—3
1 423.2 5 0.10 10 332 10 235 69.05 0.01702
2 423.2 4 0.10 10 328 13 2.27 71.34 0.01675
3 423.2 3 0.10 10 320 19 2.13 68.39 0.01634
4 423.2 2 0.10 10 312 20 1.88 64.61 0.01562
5 483.2 5 0.10 10 352 2 3.21 85.18 0.01899
6 483.2 4 0.10 10 349 2 3.10 85.39 0.01864
7 483.2 3 0.10 10 340 8 2.92 84.70 0.01811
8 483.2 2 0.10 10 324 26 2.58 82.68 0.01725
9 4232 5 0.15 10 337 28 2.01 86.25 0.02051
10 423.2 4 0.15 10 328 35 1.93 85.53 0.02008
11 423.2 3 0.15 10 316 44 1.81 83.82 0.01948
12 423.2 2 0.15 10 305 50 1.59 79.84 0.01845
13 483.2 5 0.15 10 370 54 2.26 98.65 0.02344
14 483.2 4 0.15 10 352 69 2.18 98.66 0.02291
15 483.2 3 0.15 10 331 86 2.07 99.68 0.02213
16 483.2 2 0.15 10 310 63 1.94 98.72 0.02081

centration at the bottom of the bed is very significant. The temper-
ature at the bottom of the bed was obviously higher without vac-
uum step, which showed that the rise of the temperature in the
middle of the bed is mainly caused by the complete desorption

of the bed and then the heating of the nitrogen heat source. There-
fore, the vacuum step was added with a faster desorption speed,
which in turn promotes the further desorption of the bed and
improves the desorption efficiency. Finally, the cold purging step
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2 500 0.4 3.75 10 423.15 0.03577 75 25 0.0162
3 500 0.4 3.75 10 498.15 0.06377 97 25 0.0211
4 500 04 3.75 10 423.15 0.03642 100 40 0.0240
. P/E= 483.15 K; P/F=0.15
423.15 K; P/F=0.15 o= 0023 - 90 0.998
| 10.024
0.020 50 106 100205 0023 | 85} 10996
45 —40.85 0.022 - 80 - +40.023
0.019 [ 40.0200 -40.994
do.sa 0022 | 75} -40.023
40 | +40.992
L = . 5 0021 | 70+
0.018 0.83 40.0195 J0.022
350 Jo.s2 0.021 | 65} ~0.990
0.017 |- -0.0190 —40.022
A Jos1 0.020 - 60 40.988
30 L —u— Purity
BAie -u- Rcovery . . 40.80 | 5.0185 0.020 + 55t 70.021
L0 = -m- Energy consumption ratio Ll -=m- Energy consumption ratio -0.986
25 L 1 1 1 1 1 1 L_1g79 0019 L 50— L L I L L -0.021
20 25 30 35 40 45 50 20 25 30 35 40 45 50
HP/CP HP/CP
Fig. 8. The effect of different HP/CP on process. (At the same P/F and different regeneration temperatures).
TVSA
75m
b —00lm —0.75m
0.004 |- 00 m 0.004 - ® —025m —1.00m
4 . r—--- 050 m
0 1
ANt
0.003 0.003 +
- | W
| |
& : ¥
S 0.002 - I e 0002
z ! E
= ! =
0.001 - 0.001 J
0r of J
1 1 1 1 1 L 1 1 1 1 1 1 1 1
0 5000 10000 15000 20000 25000 30000 0 5000 10000 15000 20000 25000 30000

t/s

t/s

Fig. 9. Solid phase concentration curves of TSA and TVSA (a) T = 423.15 K, P = 0.1 MPa; (b) T = 423.15 K, P = 0.03 MPa. (The pressure under all vacuum conditions below is

3 kPa).



356 Y. Li et al./Chinese Journal of Chemical Engineering 53 (2023) 346-360
440 440
(a) AD HPUR & VU ! CPUR & vu (b) AD HPUR CPUR
420 g 420 i s
400F —00Im a0f —_00lm
— 025m
=05 m 0.50 m
380 g;g m 380 - 075 m
—0.75m — 1.00
é 360 - —1.00m é 360 "
340 - 340
320 b 320 |
300 t X N 300 & k'
280 1 1 1 1 1 80 1 1 1 1 1
0 2000 4000 6000 8000 10000 12000 14000 16000 0 2000 4000 6000 8000 10000 12000 14000 16000
tls tls
Fig. 10. The bed temperature curve of the whole process (a) TVSA; (b) TSA.
420 @ TVSA 420
4001 o 8100 a1
—e— 8300 s
380 8500 s 380
—¥— 8700 s
M | ——8900s M L
= 360 = 360
340 340 -
320 320+
300 300 -
1 1 1 1 1 1 1 1 1 1 1
0 0.2 04 0.6 0.8 1.0 0 0.2 04 0.6 0.8 1.0
Lim L/m
Fig. 11. The axial temperature curve of the bed during the first 1000 s at the beginning of the thermal regeneration step.
0.0040 0.0040
(a) TVSA (b) TSA
0.0035 0.0035 |
0.0030 0.0030 -
Top 0.0025 - Top 0.0025 -
- —=—8000 s = —=—8000's
£ 0.0020 - —e—8100s E 0.0020F —e—8100s
= 8300 s = 8300 s
0.0015F —+—8500s 0.0015F —<—285005s
—— 8700 s —— 8700 s
0.0010 F —<— 8900 s 0.0010 - —«— 8900 s
0.0005 - 0.0005 |-
0 1 1 1 1 1 0 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
L/m L/m

Fig. 12. Bed axis solid concentration curve 1000 s before the thermal regeneration step.

temperature can be further increased in the cooling process
depended on the amount of hot and cold scavenging, while the
vacuum step can further increase the temperature in the middle
of the bed under the same air volume ratio. The regeneration rate

was of great significance to the bed regeneration. From Fig. 13(b)
and (c), we can see that the cold purging step pushed the preheat-
ing of the bed from the top of the bed to the last bed at the bottom
of the bed in the form of a temperature wave. Whether the bed
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of the bed was faster due to the vacuum step, so that more of the
heat transferred from the top of the bed can be used to raise the
temperature of the bed.

4.4. Performance comparison between TSA and TVSA

Combined with the above summary of the research on chemical
engineering mass transfer and heat transfer process, the data of the
above four cycles show that TVSA process has more advantages
than TSA process. It not only reflects that the bed regeneration is
higher under the same conditions, but also requires less purge
gas. It can be seen from run 1,2 that TSA sacrifices the regeneration
degree of the bed to reduce energy consumption at the same
regeneration temperature, but this is obviously inconsistent with
the industrial practice, while the energy consumption of TVSA
decreases by 15.9% (vol) (run 1,3) under the condition of maintain-
ing the same regeneration degree of the bed. The TVSA process
reduces the amount of nitrogen required to complete bed regener-
ation by 60% (run 1,4) compared to the TSA process with increased
purge gas, which will significantly reduce the volume of nitrogen
tanks in industrial applications. Moreover, the reduced nitrogen
purge will greatly increase the concentration of adsorbent in gas
phase. Therefore, TVSA process has more advantages than TSA pro-
cess in many aspects.

5. Conclusions

The process parameters of VOCs recovery in TSA and TVSA sys-
tems were studied by using the simulation results. Benzene was
selected as adsorbent and activated carbon Sorbonorit 4 as adsor-
bent. These results showed that regeneration temperature, feed
rate, purge feed ratio and hot-cold purging ratio all have influence
on the process. Increasing regeneration temperature can promote
bed desorption and increase hot-cold purging ratio can obtain sim-
ilar effect. Simply increasing the purge feed ratio without increas-
ing the hot blowing scavenging rate will not only reduce the purity
of regenerated gas, but also have little effect on the bed regenera-
tion, and even hinder the cold blowing step to use the temperature
wave to desorb the bed. In addition, it was a reliable method to
reduce the feed rate when other parameters cannot be changed,
although there was still an adsorption saturation zone in the bed
before the start of the bed regeneration and incomplete adsorption
steps, however, reducing the feed rate can keep the adsorption
front in the bed at the end of the adsorption step, and the tail
gas treatment still has a purification effect. And finally there was
an optimum ratio of hot and cold purging ratio. The lower the des-
orption temperature (the lower the purging rate), the closer to 4,
and the higher the desorption temperature (the higher the purging
rate), the closer to 2.5, so when designing the hot and cold purging
ratio. The optimization should be more reasonable under the con-
dition that the hot and cold purging gas volume at 3:1.

The TVSA process can improve the regeneration degree of the
bed, in the desorption step, the hot purging gas can pass through
the bed faster, the bed heating rate was faster and more uniform,
and the desorption gas was removed from the bottom of the bed.
In both TSA and TVSA processes, the concentration wave was faster
than the temperature wave, but the addition of vacuum pump
makes the concentration wave faster, shortens the mass transfer
time, and weakens the secondary adsorption phenomenon and
the temperature fluctuation in the middle and lower part of the
bed. It not only reduced the heat loss, but also increased the heat-
ing rate of the bed, and then improved the regeneration degree of

the bed. In addition, the vacuum step also had a significant effect
on the cold purge step. In the TSA process, the cold purge step
was usually the temperature wave faster than the concentration
wave, but in TVSA, due to the influence of vacuum pump, the solid
phase concentration wave in the bed was faster than the tempera-
ture wave, and the bed was desorbed first and then warmed up. As
a result, the waste heat in the bed was used more efficiently in the
cold purging step, and the heating effect of the middle and lower
part of the bed was enhanced. At the same time, the enhancement
of the heating effect of the bed promotes the further desorption of
the bed.

The addition of vacuum step reduced the desorption tempera-
ture, which indicated that there was a suitable low-grade waste
heat source. TVSA will be an energy-saving recovery VOCs process,
the purification effect of a single time can reach more than 10
times under the concentration of 4x103, and liquid VOCs can be
condensed and recovered at room temperature through multiple
purification processes. For TSA process, the effect of purification
VOCs process is better than that of recovery process. But in the
same bed regeneration degree requirements, TVSA is better than
TSA in energy consumption, scavenging volume, bed regeneration
and desorption concentration.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

The Renewable Energy and Hydrogen Projects in National Key
Research and Development Plan of China (2019YFB1505002).

Nomenclature

Aped bed crossection area, m?

Apx external specific surface area of heat exchanger, m!

b; adsorption affinity, kPa™!

bo pre-exponential factor, kPa~!

Gy specific heat of gas phase mixture, J-mol~'-K~!

Cpai specific heat of component i, J-mol~".K~!

Cps specific heat of the adsorbent, J-kg~!1.K™!

Cow specific heat of the bed wall, J-kg~1.K~!

Cug gas molar specific heat, J-kg™1-K~!

Ci gas phase concentration of component i, mol-m >

Dax.i axial dispersion coefficient of component i, m?.s™!

Dy bed diameter, m

Dp4 bed diameter of first-stage, m

Dy bed diameter of second-stage, m

Dp molecular diffusion coefficient of component i, m?.s™!

Dr bed diameter of TSA and TVSA, m

Hamb heat transfer coefficient between wall and ambient,
MW-m—2.K~!

Hy height of adsorbent layer, m

he film heat transfer coefficient between gas and adsorbent,
W-m 2K!

hm heat transfer coefficient between gas and bed wall,
W-m 2K"!

hy hea1t transfer coefficient between wall and fluid, W-m—2-
K™

kg gas phase heat conductivity, W-m~1.K!

kipri LDF coefficient, s !
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ks adsorbent thermal conductivity, W-m~".K~!

K thermal conductivity of the bed wall, W-m~!.K™!

M; molar mass of component i, g-mol~!

P pressure, kPa

qi adsorbed phase concentration of component i, mol-kg ™!

qi* adsorbed phase concentration in equilibrium with bulk
component i, mol-kg ™!

qm,i specific saturation adsorption capacity of component i,
mol-kg™!

Ry ideal gas constant, J-mol~1-K~!

Ip adsorbent particle radius, m

T temperature, K

Tamb ambient temperature, K

Teool cooling temperature, K

Ty gas phase temperature, K

Ty high temperature after heating, K

Theat heating temperature, K

Ty low temperature before heating, K

Ts adsorbent temperature, K

Tw bed wall temperature, K

To inner temperature of the wall, K

t time, s

Unx over all heat transfer coefficient, W-m2.K!

Ug superficial velocity, m-s~!

v standard volume flow rate, m>h~!

Veol column volume, m>

Vg velocity of the bulk gas, m-s™!

W, wall thickness used of the bed, m

Wads mass of the adsorbent, kg

z axial distance of the adsorption bed, m

Olhx external specific surface area of heat exchanger, m?>m—>

op specific particle surface area per unit volume of bed,
m?m3

Y ratio of specific heats (Cp/C,)

&p bed porosity

&p particle porosity

n compressor efficiency

u bulk gas mixture viscosity, kg-m~'.s~!

Ob bulk solid density of adsorbent, kg-m~>

Pg gas phase density, kg-m—>

Ds adsorbent density, kg-m—>

Pw density of the column wall, kg-m—

W shape factor of the adsorbent particle
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