¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2019.24505

172 (2019) 368-376
December

Simultaneous disposal of acrylic acid (ester) wastewater and residue with
high efficiency and low energy consumption

Rongjie Chen®*, Zhaoyang Fei®, Qing Liu**, Xian Chen?, Zhuxiu Zhang? Jihai Tang*"*,

Mifen Cui? Xu Qiao*P<*

“College of Chemical Engineering, Nanjing Tech University, Nanjing 210009, China, Tel. +86 25 83587168; Fax: +86 25 83587168;
email: ging_liu@njtech.edu.cn (Q. Liu), Tel. +86 25 83172298; Fax: +86 25 83172298; emails: qct@njtech.edu.cn (X. Qiao),
RogerChan@njtech.edu.cn (R. Chen), chenxian@njtech.edu.cn (X. Chen), zhuxiu.zhang@njtech.edu.cn (Z. Zhang),

jhtang@njtech.edu.cn (]. Tang), mfcui@njtech.edu.cn (M. Cui)

"State Key Laboratory of Materials-Oriented Chemical Engineering, Nanjing Tech University, Nanjing 210009, China,
Tel. +86 25 83587168, Fax: +86 25 83587168, email: zhaoyangfei@njtech.edu.cn
“Jiangsu National Synergetic Innovation Center for Advanced Materials (SICAM), Nanjing 210009, China

Received 7 October 2018; Accepted 5 June 2019

ABSTRACT

The acrylic acid (ester) production wastewater and residue were simultaneously treated by a novel
two-stage fluidized-bed/fixed-bed catalytic system. The effects of fluidized-bed temperature, flow
rate of wastewater or residue, and oxygen excess rate (OER) on the disposal efficiency were investi-
gated to certify the feasibility. The chemical oxygen demand of effluent was less than 100 mgO, L™
when the temperature exceeded 380°C, the OER was greater than 2, and the flow rate of distilla-
tion residue was less than 1.5 mL h™. By utilizing the high calorific value of residue, the energy
balance of the system can be achieved by regulating the flow rates of wastewater and residue with the
guarantee of the treatment efficiency, which was verified by the theoretical simulation calculations.
The technology employed in our research shows obvious advantages on purification of the acrylic
acid (ester) production wastewater and residue for its high efficiency and can make the most use of

the energy in wastes to reduce energy consumption.
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1. Introduction

Acrylic acid (ester) is an important raw material for
chemical production [1-3]. It is mainly used as surfac-
tant, leather finishing agent, filler, and antifouling agent to
improve the quality of leather in the leather production pro-
cess [4]. It also can be used as paper reinforcer and paper
adhesives in paper industry to improve paper strength,
cohesiveness and mechanical stability in paper-making
industry [5]. In textile industry, acrylic ester emulsion is
mainly used as thickener and fabric adhesive in pigment

* Corresponding authors.

printing [5]. The global acrylic acid market size was 5.75
million tons in 2014, and the demand for acrylic acid and
esters is estimated to reach 8.75 million tons by 2022 [6]. The
wastewater and residue are inevitably generated in the pro-
duction of acrylic acid and its ester. It is reported that 0.05 tons
wastewater and 0.003 tons distillation residue are discharged
for every ton of product [7,8]. The composition of the heavy
distillation residual liquid is complex and it is difficult to
effectively recover the available resources. Similarly, the pro-
duction wastewater has strong acidity, high toxicity and high
chemical oxygen demand (COD) (20,000-90,000 mgO, L)
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[9] because the main components are acrylic acid, formalde-
hyde, acetic acid, methacrylic acid and acetaldehyde [9,10].
Therefore, detrimental effects of the wastewater and residue
on environment and human health will be aroused if the
wastewater and residue lack proper treatment.

It has been reported that the main disposal methods
of acrylic acid and ester production wastewater and resi-
due mainly include biological process [11,12], incineration
[13,14], supercritical water oxidation [10,15], wet catalytic
oxidation [16,17] and advanced oxidation techniques (AOPs)
[18,19]. The biological treatment often has a large installation
area, a long processing cycle and low efficiency. The incin-
eration method operated at high temperature can reduce
the secondary pollution but lead to high operating cost due
to the high energy consumption. The supercritical water
oxidation technology requires a special reactor to resist high
pressure and corrosion. The harsh operation conditions,
precious metal oxidants, and long residence time increase
the cost of wet catalytic oxidation process. The purification
performance of single AOPs is poor, although the operat-
ing temperature and pressure are modest. Overall, it is dif-
ficult to reduce the treatment cost of acrylic acid and ester
production wastewater and residue under the premise of
the high treatment efficiency.

The main problem in the existing high-efficient treatment
of acrylic acid production wastewater and distillation res-
idue is high energy consumption. The energy consumed in
China’s wastewater treatment for one year is 1 x 10'* kWh,
and it consumes approximately 4% of all electrical power
produced in the United States [20]. In recent years, there
have been various studies on the energy balance of high cal-
orific value waste treatment devices [21,22]. For example,
Jimenez-Espadafor et al. [23] studied the supercritical water
oxidation of oily wastes at pilot plant to recover the energy.
The recovery of waste heat was between 71% and 45.6% of
the energy content of the organic compound, which can be
considered as a high thermal efficiency. Ding and Jiang used
the co-pyrolysis of sludge and waste biomass such as saw-
dust and rice husk to treat sludge, and high calorific value
oil was produced during the process, which can be used as
an energy source during the co-pyrolysis. This process can
achieve self-heating when the feed mass fractions of saw-
dust and rice husk were 49.6% and 74.75%, respectively
[24]. The anaerobic digestion of food waste was treated by
Tampio et al. [25] to produce liquid fertilizer. Meanwhile, the
biogas from the waste was used to generate electricity and
heat, and the energy conversion efficiencies for electricity
and heat were 38% and 48% in the system of anaerobic diges-
tion plant. The use of high calorific value waste in industrial
installations to achieve an energy balance of the purification
plant is feasible and economical. It will provide us with a
new idea for simultaneous treatment of acrylic acid (ester)
production wastewater and residue using the characteristics
of high calorific value of residue, so as to achieve the energy
balance.

The distillation residue and wastewater are both oxidiz-
able organic pollutants, and gaseous phase is the most eas-
ily oxidized phase. Catalytic oxidation has attracted great
attention for the investigation organic pollutants purification
[26-28] due to the advantages of simple process and low
energy consumption [29]. The energy released by oxidation

of pollutants can be employed to the transformation of pol-
lutants from liquid phase to gaseous phase in the process of
simultaneous treatment of wastewater and residue. In this
work, a simultaneous treatment of acrylic acid and ester pro-
duction wastewater and residue was carried out by a novel
two-stage fluidized-bed/fixed-bed catalytic system [30]. The
effects of fluidized-bed temperature, flow rates of wastewa-
ter or residue and oxygen excess rate (OER) on COD of outlet
water and volatile organic compounds concentration (VOC)
of the emission gas were investigated to certify the feasi-
bility of the simultaneous treatment of acrylic acid (esters)
production wastes. By utilizing the high calorific value of
residue, the energy balance of the system can be achieved
by adjusting the flow rates of wastewater and residue while
guaranteeing the treatment efficiency, which was confirmed
by the theoretical simulation.

2. Experiments and simulation
2.1. Experimental section
2.1.1. Materials

The main components of the acrylic wastewater and
acrylate distillation residue are acrylic acid and polymer of
acrylate. Therefore, the acrylic acid and acrylic resin (poly-
methyl methacrylate) were chosen as the objects of acrylic
acid production wastewater and distillation residue in this
study. Acrylic acid was bought from Jinan Hongxin Chemical
Co. Ltd., (Zibo, Shandong Province, China) and acrylic
resin was obtained from China Petroleum and Chemical
Corporation (Nanjing, Jiangsu Province, China). The acrylic
acid production wastewater was prepared by the mixture of
acrylic acid and water, and the COD was normally between
20,000-90,000 mgO, L. The acrylic resin was dissolved in a
mixed solution consisting of n-butanol, ethylene glycol and
isopropanol.

2.1.2. Equipment

The schematic diagram of the two-stage fluidized-bed/
fixed-bed experimental apparatus used for the experiment
is illustrated in Fig. 1. The fluidized-bed reactor is 30 mm
in diameter and 610 mm high. The Cu/K/Ce catalyst of 26 g
was used in the fluidized-bed, and its particle size distrib-
uted from 110 to 170 meshes [31,32]. The catalyst applied in
fluidized-bed had both pyrolytic active component and oxi-
dized active component, which enables it to have catalytic
cracking and catalytic oxidation functions. In addition, it
could greatly reduce the toxic gases containing ester groups
and increase the rate of carbon dioxide formation. The fixed-
bed reactor is 36 mm in diameter and 380 mm length. The
copper-based composite oxide catalyst of 32 g was used, and
its particle size distributes from 5 to 10 mesh. The copper
species on the catalyst surface are highly dispersed, which
leads to high catalytic oxidation activity because of high
oxygen vacancy concentration on the catalyst surface. These
two catalysts used in the experiment were provided by
Nanjing TOP Chemical Co. Ltd., (Nanjing, Jiangsu Province,
China). In our hypothesis, the thermos-oxidative pyrolysis
[33] and catalytic oxidation of the residue occurred in flu-
idized-bed. Macromolecular substances were cracked into
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Fig. 1. Schematic diagram of purification equipment. 1. Nitrogen cylinder, 2. Oxygen cylinder, 3. Pressure reducing valve,
4. Mass flowmeter, 5. Acrylic acid production wastewater syringe pump, 6. Acrylic ester residue syringe pump, 7. Heating furnace,
8. Fluidized-bed reactor, 9. Fixed-bed reactor, 10. Condenser, 11. Gas-liquid separator, 12. Absorption bottle.

small molecules, and most of them were oxidized into CO,
and H,O. The rest was further oxidized in fixed-bed. On the
basis of catalysis in the single stage fluidized-bed reactor,
the second staged fixed-bed introduced for deep oxidation
makes the treatment of the organic pollutants were treated
more thoroughly [30], which also allows the energy con-
tained in organics to be released and utilized more com-
pletely. On the other hand, the operation temperature of cat-
alytic oxidation reactor is low compared with that of thermal
oxidation [34]. Therefore, this process has lower energy con-
sumption. During the purification process, the acrylic ester
residue gives off a lot of heat, and the acrylic acid production
wastewater transferred excess heat to keep the reactor in an
appropriate temperature. Suitable flow rates of residue and
wastewater can make the treatment at thermal balance in
the homeostatic process. The residue and wastewater were
continuously fed near the top of the bed using measuring
pump, and gas was fed near the bottom of the bed. Some
preliminary experiments were carried out to determine the
necessary gas flow for the fluidization under the operating
conditions of our experiments. The total gas flow rate was
kept at 500 mL min™. Then, gases after the fluidized-bed/
fixed-bed were condensed into liquid and non-condens-
able gases in gas-liquid separator. Finally, the non-con-
densable gases were collected by gas sample bag, and the
VOC of off-gas was measured by SP-6890 gas chromatogra-
phy (Shandong LuNan RuiHong chemical instruments Co.
Ltd., (Zaozhuang, Shandong Province, China)). The COD of
condensate was measured by a COD rapid digestion appara-
tus 6B-200 (Jiangsu ShengAoHua Environment Protection
Technology Co. Ltd., (Changzhou, Jiangsu Province, China)).

2.1.3. Simulation

It is generally impossible to realize the self-heating of
the reactor in our laboratory test no matter what kind of

heat preservation method adopted because of the high heat
loss of the reactor and little heat generation. Therefore, it
is necessary to estimate the energy balance by simulation
under the experimental operation conditions.

2.1.4. Calculation of OER

Oxygen consumption (OC, g h™) of acrylic acid produc-
tion wastewater can be obtained based on COD value as
below, V_ (mLh™) represents wastewater flow.

V COD
Owat = - - (1)
1000

COD is defined as the amount of oxygen consumed by
oxidizing reducing substances in 1 L water sample. Therefore,
the OC_ . can be obtained according to the V..

OC of various substances in mixed solution can be
obtained according to their constitution of carbon, hydro-
carbon and oxygen. The oxidation reaction of organics is

given by Eq. (2):

CHO +2n+0.5m—p02:

JH,0, nCO, + %HZO )

The mass fraction of acrylic resin, n-butanol, ethylene gly-
col and isopropanol in mixed solution are 45%, 15%, 35% and
5%. According to Eq. (2), the oxygen consumption per mole
of acrylic resin, n-butanol, ethylene glycol and isopropanol
are 19/2, 6, 5/2 and 9/2 mol g™. Therefore, OC of various sub-
stances in mixed solution which can be calculated by Eq. (3):

OoC =V

Tes res

45% 19 15% 35% 5 5% 9
Pres X X—+ X6+ x32

X —+ X —
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V... (mLh™) represents residue; p__(0.883 g mL™) denotes the
density of acrylic ester residue.

The OC,, (total oxygen consumption) can be calculated
by Eq. (4). Oxygen supply (OS) is constant at certain oxy-
gen feed rate, which can be calculated by Eq. (5). The OER
is affected by the residue and wastewater flow flows, which
represent the ratio of surplus oxygen to oxygen demand

for complete oxidation of the organic pollutants; it was given
by Eq. (6):

OCtot = Owat + OCrcs (4)
Vox
0S =—22 %32 ®)
OER = 22 ~9Cu ©)
OoC

tot

V,,, denotes the oxygen flow rate (L h™); V, represents
molar volume of gas (22.4 L mol™).

2.1.5. Thermal balance

In this system, air and wastewater absorb heat, while the
residue releases heat. When the heat absorbed by the system
is equal to the heat released, thermal balance can be estab-
lished by Eq. (7).

Qair + wat = Qres (7)

Q.. (kIh™),Q (kfh")and Q _ , (kJh™)denote the amount
of heat produced from the catalytic oxidation of distillation
residue, heat required for gas heating, and heat required for
wastewater heating, respectively. The fluidized-bed reactor
can be considered as the isothermal operation system, and
the excess heat can be removed timely.

The heat produced from the catalytic oxidation of resi-
due Q,_can be calculated in Eq. (8).

QI’ES = Hres X pres x V (8)

H__ (30,800 k] kg, determined by calorimeter) represents
the combustion heat of distillation residue. There are only a
small number of organic compounds left after treatment, so
the heat released by their oxidation can be ignored. The resi-
due can be considered to be decomposed completely during
the calculation of the released heat of residue.

Heat required for air heating can be calculated in Eq. (9).
Since the heat capacity of the gas changes significantly with
the change of temperature, the product of the heat capacity
and the temperature change amount is expressed as an integral
formula of the heat capacity in a certain temperature range.
The same treatment is applied to water vapor in Eq. (10).

V. (T )
Q=" ij C_dTx10° )

T,, (K) and T, (K) represent fluidized-bed temperature
and feed temperature in the fluidized-bed, respectively.

Air heat capacity C__(J mol™ K™) can be calculated as follows,
C =27.50 +6.241 x 10 x T-0.9080 x 10 x T2,

Due to the low content of organics in the wastewater,
the flow rate of wastewater entering the system is regarded
as the same flow rate of water. Heat required for wastewa-
ter heating can be calculated in Eq. (10), and every item in
Eq. (10) represents heat of vaporization, heat absorbed by lig-
uid water with the change of temperature, heat absorbed by
water vapor with the change of temperature and heat release
of organics oxidation in turn.

wat = Twat X pwat X wat + CPWM x pwat X wat X (Tl()(] - T[J)

10
PV (e gr g CODX107 XV a0
M Ty vap D wwt
wat
7. (2,257 .6 k] kg™) is the latent heat of water; p__ (1,000 kg m=)

denotes the density of wastewater; C,  (kJ kg™ K™) is the heat
capacity of water; M (18 g mol™) denotes the molar mass
of water; C_ (J mol™ K™) represents heat capacity of water
vapor, it can be calculated as follows, CVap =29.16 + 14.49 x
10 x T-2.022 x 10 x T2 Energy contained in acrylic acid
production wastewater can be calculated according to the
value of COD. Most organics will release about 14 k] while
consuming 1 g oxygen when they are oxidized [35,36], so it is
recorded as H_,, (14 k] g') in the Eq. (10).

The simulation method is based on the energy balance
model established by Egs. (7)—(10). The temperature and OER
were calculated by adjusting wastewater and residue flow
rates, and another steady state operation under thermal equi-
librium would be obtained when the operation conditions
were changed. In addition, it was assumed in this simulation
that the organic materials were completely oxidized in the
outlet gas and the heat loss was ignored.

The flow rate of air and residue were maintained at
500 mL min™ and 2 mL h™, and the flow rate ratio of waste-
water (20,000-90,000 mgO, L) to residue was calculated
under the temperature from 300°C to 420°C. For the sim-
ulation of the control of OER, the air flow rate was set at
500 mL min™, and the temperature was set at 380°C. The flow
rate of wastewater (20,000-90,000 mgO, L) was calculated
by changing the residue flow rate from 1.5 to 3.5 mL h™..

3. Results and discussion
3.1. Influence factors of purification effect
3.1.1. Effect of temperature

The effect of fluidized-bed temperature on the COD
of outlet water and the VOC of off-gas is investigated in
Fig. 2. The acrylic acid production wastewater and acrylic
ester residue flow rates were kept at 5 and 2 mL h™. Oxygen
and nitrogen flow rates were also maintained at 105 and
385 mL min, respectively. It can be seen from Fig. 2 that
the COD decreased sharply from 320°C to 380°C, while it
decreased slowly after 380°C. It could be considered that
high temperature was more beneficial for the purification,
but the function of temperature on the reduction of COD
was less obvious at a high temperature. The VOC data dis-
played the same trend, which first decreased sharply and
then slowly with the increase of temperature. The VOC was
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Fig. 2. Effect of fluidized-bed temperature on the acrylic acid
(ester) production wastewater and residue purification.

always lower than 50 ppm. Among several thermodynamic
methods, incineration was used to treat distillation resi-
due at temperatures above 1,000°C [37], and supercritical
water oxidation was used to treat acrylic acid production
wastewater at temperatures between 400°C-500°C [10,15].
Comparatively speaking, the temperature of the catalytic
oxidation method used in this study is lower than 400°C, and
the heat source is the distillation residue with high calorific
value under steady-state operation. From the point of view
of the reactor requirements and long-term operation, the
catalytic oxidation method with lower operating temperature
in this paper is more advantageous.

3.1.2. Effect of flow rate of wastewater and residue

The different acrylic ester residue flow rate (1, 1.5, 2, 2.5
and 3 mL h™) and acrylic acid production wastewater flow
rate (3, 4, 5, 6 and 7mL h™') were performed to investigate

their effects on the COD of effluent and VOC of exhaust gas
in Fig. 3. The oxygen fraction in gas feed was changed to
ensure that OER was constant at 1.9 under different con-
ditions. It can be seen from Fig. 3a that the COD value of
condensate decreased from 306.5 to 23.96 mgO, L™ as
residue flow rate decreased from 3 to 1 mL h™ when the flow
rate of wastewater was 5 mL h™. It indicates that lower air-
speed is more beneficial to the treatment of pollutants [38].
The COD decrease in the purification process was because
the residence time was much longer at lower flow rate and
pollutants were decomposed more thoroughly. When the
residue flow rate was kept at 3 mL h™ and the wastewater
flow rate increased from 3 to 7 mL h!, the COD of outlet
water decreased from 386.0 to 264.4 mgO, L. Generally
speaking, the treatment efficiency will decrease as the
contaminant flow rate increases [39], but it can be noticed
that organics concentration in the wastewater with higher
flow rate was lower. It is shown from Table 1 that the the-
oretical calculation of outlet condensate increased from 6.83
to 10.83 mL h™, leading to the additional residual organ-
ics amount increased from 2.63 to 2.86 mgO, h™ as the
wastewater flow rate increased from 3 to 7 mL h™.

As shown in Fig. 3b, VOC of off-gas was always lower
than 25 ppm at 380°C when OER was 1.9. VOC decreased
from about 24 to 3 ppm gradually with the decrease of res-
idue flow rate, while it had a little change under different
wastewater flow rate.

3.1.3. Effect of OER

The oxygen flow rate of 36, 72, 108, 144 and 180 mL min™!
(the rest gas was nitrogen, and the total flow rate was kept at
500 mL min™) was performed to investigate the effect of OER
(0—-4) on the purification at 380°C in Fig. 4. The flow rates
of acrylic acid production wastewater and acrylic ester resi-
due were maintained at 5 and 1.5 mL h™'. It can be seen from
Fig. 4 that the COD of effluent decreased gradually with the
increase of OER. The increase of the proportion of oxygen

Fig. 3. Effect of flow rate on the acrylic acid (ester) production wastewater and residue purification.
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Table 1
COD with different wastewater flow rate
Vres/mL - VWWJmL h! COD/mgO2 L Qe“/mL h! COD x QeerngO2 h!
3 3 386.0 6.83 2.63
3 4 347.7 7.83 2.72
3 5 306.5 8.83 2.70
3 6 282.2 9.83 2.77
3 7 264.4 10.83 2.86
and residue were maintained at 500 mL min™ and 2 mL h7,
4.0 respectively. Temperature regulation was studied by cal-
150 I Air | —@—=COD of effluent 1 culating the flow rate ratio of wastewater with different
| T VOCofexaustgas - COD values to residue under different temperature; the
—"J 125F [ | ] whole results are given by Fig. 5. Taking wastewater with
~ I i 135 g 20,000 mgQO, L' as an example, when the requisite tem-
% 100 i 1 &  perature increased from 320°C to 420°C, the required flow
£ D rate ratio decreased from 2.805 to 1.895. As a result, for the
a 75F 1300 same batch of wastewater (with the same COD value), when
o 1 > higher operating temperature is required to achieve better
O S0F - purification effect, the flow rate ratio of wastewater to resi-
125 due should be reduced to maintain the system’s self-heating
25tk i at higher temperature.
, L , As mentioned earlier, the COD of wastewater has a cer-
1 2 3 tain influence on the regulation of temperature under energy
OER balance. Flow rate ratio of wastewater with different COD

Fig. 4. Effect of OER on the acrylic acid (ester) production
wastewater and residue purification.

in the gas feed decreased the COD of condensate obviously.
Generally speaking, the increase of oxygen ratio is indeed
more advantageous to the oxidation process [40]. When the
fraction of oxygen in the gas feed was the same as that in air,
and OER was 1.9. Under the above conditions, the COD value
of effluent was lower than 100 mgO, L. Therefore, air can be
used to treat wastewater and residue based on the economic
problem.

3.2. Simulation of temperature and OER control based on
energy balance

3.2.1. Reaction temperature

By controlling the acrylic ester residue and acrylic acid
production wastewater flow rates to change the tempera-
ture of the reactor, it is clear that the OER will also change at
the same time. The influence of flow rate on the self-heating
reactor is various and needs comprehensive consideration.
The impact of wastewater flow rate on the purification effect
was much smaller than temperature according to the results
of the experiment. On the other hand, there is much more
organic matter in the residue than that in the wastewater.
Therefore, the wastewater flow rate has little effect on the
OER. The temperature control was simulated by keeping
residue flow rate constant, and the key point to consider is
the change of temperature.

The flow rate ratio of the wastewater to residue can
affect the steady-state operating temperature. Feeds of air

values to residue was calculated at 380°C, when COD of
wastewater increased from 20,000 to 90,000 mgO, L, it can
be known from Fig. 5 that the ratio increased from 2.25 to
3.42. Therefore, if keeping reactor at a designed temperature,
for the wastewater with higher COD value, handling capac-
ity of the wastewater with higher COD value will increase
when the residue flow rate remains constant.

Fig. 5. Effect of feed low rate of acrylic acid (ester) produc-
tion wastewater with different COD values to residue on the
fluidized-bed temperature.
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3.2.2. Oxygen excess rate

The presence of oxygen is beneficial to the decomposi-
tion of organics, and the required oxygen is usually more
than that by theoretical calculation for the purpose of the
complete decomposition of the organics [40,41]. The OER
will change accordingly when the flow rate of pollutants is
changed. The air flow rate was set at 500 mL min™, and tem-
perature was set at 380°C. The flow rate of acrylic acid pro-
duction wastewater (COD between 20,000 to 90,000 mgO, L™
was calculated in turn with residue flow rate changed from
1.5 to 3.5 mL h™, the complete simulation result was obtained
by Fig. 6. For instance, residue, air and wastewater flow
rates were matched to make the reactor in a state of heat bal-
ance when residue flow rate was kept at 1.5 mL h™. It was
shown that OER decreased from 1.98 to 1.75 while COD of
wastewater increased.

If the COD value of the wastewater is kept constant, tak-
ing 20,000 mgO, L wastewater for an example, as shown
in Fig. 6, when the residue flow rate increased from 1.5 to
3.5 mL h™!, the OER decreased from 1.98 to 0.25. OER is more
affected by different residue flow rate than wastewater, this
is because the amount of oxygen consumed by the complete
oxidation of organics in residue is much greater compared to
wastewater with the same volume.

The smaller the residue flow rate, the larger the OER.
When adjusting the OER to make it favorable for catalytic
pyrolysis and oxidation, the reduction of wastewater and
residue flow rates is also beneficial to the purification pro-
cess. However, there is a limit to the reduction of residue
flow rate. Heat transfer process exists between the reactor
and the outside world, a sufficient amount of residue flow
rate should be ensured in order to compensate the heat loss
and make the reactor remain self-heat balance. On the other
hand, oversized OER is also unnecessary, which will reduce
the amount of treatment.

Fluidized-bed

l temperature

Catalytic pyrolysis
+

Catalytic oxidation

v
—
A
I
I

Oxygen excess rate (OER)

3.2.3. Industrial application of the two-stage
fluidized-bed/fixed-bed system

Fig. 7 shows the process of combined treatment of waste-
water and distillation residue. The chemical energy in the
residue is squandered with solid waste in conventional
pathway [20]. In contrast, in the sustainable pathway, most
of the chemical energy from distillation residue is effectively
utilized by our novel treatment. In addition to pumps, fans
and other equipment needing the input of conventional
electrical energy, the fluidized-bed only relies on the energy
released by the oxidation of organic pollutants to maintain

1.980
1.788
1.59
1.404
1212
1.020
0.8280
0.6360
0.4440
0.2520
0.06000

Fig. 6. Effect of acrylic acid (ester) production wastewater with
different COD values and residue flow rate on the OER.

Fig. 7. Illustration of the purification technological process and the control factors.
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thermal balance after the stable operation. And before the
vapor-liquid separation, the feed is preheated by the heat
exchanger at the outlet of the two-stage fluidized-bed/
fixed-bed catalytic system, which reduces part of the
energy consumption. On the other hand, the extra energy
provides more energy for the vaporization of wastewater
and increases the wastewater throughput [24]. The yellow
dotted line represents the factors that are controlled. By
adjusting the flow rate of wastewater and residue, making
the OER and temperature are as beneficial as possible to the
removal of pollutants while ensuring a certain amount of
treatment.

4, Conclusion

This study shows that it is a feasible strategy to treat
acrylic acid production wastewater and distillation residue
simultaneously by gas-solid catalytic oxidation. The COD of
effluent was less than 100 mgO, L™, and the VOC of exhaust
gas was always less than 100 ppm during the process. The
treatment effect had been significantly improved with the
increase of temperature, but the function of temperature was
gradually weakened after 380°C. The reduction of distilla-
tion residue and wastewater flow rates was also beneficial
to reducing the concentration of organics in effluent and
off-gas. On the other hand, the COD and VOC values were
also satisfactory when the oxygen concentration in gas feed
satisfies that in air, which indicates that the process can use
cheap and easily available air as oxidant. In the practical
process, the control of temperature and OER fundamentally
depended on residue and wastewater flow rates. The process
conditions should be adjusted to ensure a good treatment
performance under a relatively large throughput. According
to the results of simulation, the flow rate ratio of wastewa-
ter to residue determines the temperature of reactor. OER
increased with the decrease of wastes flow rates. For high
calorific solid waste and exhaust gas, a similar approach
may be used to treat it with wastewater to relieve the burden
of energy consumption caused by environmental protection
issues.
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