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[bookmark: OLE_LINK338][bookmark: OLE_LINK339][bookmark: OLE_LINK340][bookmark: OLE_LINK344][bookmark: OLE_LINK345][bookmark: OLE_LINK175][bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: OLE_LINK341][bookmark: OLE_LINK349][bookmark: OLE_LINK170][bookmark: OLE_LINK174][bookmark: OLE_LINK182][bookmark: OLE_LINK134][bookmark: OLE_LINK165][bookmark: OLE_LINK166][bookmark: OLE_LINK169][bookmark: OLE_LINK121][bookmark: OLE_LINK122]ABSTRACT: A novel microwave heating flash evaporation system (MWHFES) was carried out to concentrate and distillate sulfuric acid, and this system may overcome the problems that equipment corrosion, product pollution, high energy consumption, long process and lower heat transfer rate in waste sulfuric acid recycle though purification and concentration. The dilute sulfuric acid with mass fraction of 75wt% was used as experimental material, 5 experimental cases was generated to verify the effect of MWHFES under the conditions of different volume, microwave power and depressurization rate. Results shown that the sulfuric acid could be concentrated to mass fraction of 85-95%, and the heating efficiency was among 30% to 80%, heat transfer volume coefficient was among 100 to 500 though the combination of vacuum and microwave heating. Thermal process analysis indicated that the interaction among experimental factors had effect on distillation process. At last, the process optimization and selection were explained briefly.
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1. Introduction
[bookmark: OLE_LINK313][bookmark: OLE_LINK314][bookmark: OLE_LINK315][bookmark: OLE_LINK365][bookmark: OLE_LINK366][bookmark: OLE_LINK367][bookmark: OLE_LINK368][bookmark: OLE_LINK369][bookmark: OLE_LINK370][bookmark: OLE_LINK371][bookmark: OLE_LINK372][bookmark: OLE_LINK373][bookmark: OLE_LINK374][bookmark: OLE_LINK226][bookmark: OLE_LINK227][bookmark: OLE_LINK265][bookmark: OLE_LINK266][bookmark: OLE_LINK267][bookmark: OLE_LINK268][bookmark: OLE_LINK310][bookmark: OLE_LINK311][bookmark: OLE_LINK312][bookmark: OLE_LINK260][bookmark: OLE_LINK273][bookmark: OLE_LINK274][bookmark: OLE_LINK275][bookmark: OLE_LINK276][bookmark: OLE_LINK277][bookmark: OLE_LINK278][bookmark: OLE_LINK279][bookmark: OLE_LINK280][bookmark: OLE_LINK281][bookmark: OLE_LINK282][bookmark: OLE_LINK283][bookmark: OLE_LINK284][bookmark: OLE_LINK318]Sulfuric acid is one of the most important mineral acids of industrial development, which is widely used in chemical and metallurgical processes [1]. Sulfuric acid is used as the solvent as to its strong oxidation and corrosion, and also used in dehydrating actions in sulfonations, nitrations, and chlorinations [2]. The preparation of sulfuric acid is relative inexpensiveness, it is prepared commercially by the reaction of water with sulfur trioxide by the contact process or the chamber process, wherein, Sulfur trioxide is usually formed by the reaction of sulfur dioxide and oxygen catalyzed by vanadium oxide[3,4]. The most used method for preparation of sulfuric acid is the oxidation of sulfide minerals in rocks, for example, the vulcanized flue gas from ore metallurgy is often used for the preparation of sulfuric acid.[5,6,7]. Large quantities of sulfuric acid is widely used in metal extraction[8,9], electrolytic separation[10], acid pickling[11], electroplating[12] and other technological processes of metallurgical process[13], however, there is a small amount of sulfuric acid takes part in the reaction as reactant during industrial process[14]. Consequently, the waste sulfuric acid is emerged, according the data from chemical industry statistics of China, the production of waste sulfuric acid is about 12Mt (measured by 100% sulfuric acid)[15,16], and the proportion of those industrial waste sulfuric acid is shown in Fig.1. Moreover, it is predicted that the production of industrial waste sulfuric acid in China will reach about 15Mt by 2020, which would bring great pressure on waste sulfuric acid treatment, resource recovery and clean production [17,18]. If the waste acid could not get proper treatment, it would lead to environmental problems including soil acidizing, water pollution and ecological problems [19]. In addition, the recovering and reusing of waster sulfuric acid can reduce the cost investment for company, as a result, the reasonable treatment of waste acid and recycling is not only an environmental problem, but also an economic problem. 
[image: ]
[bookmark: OLE_LINK316][bookmark: OLE_LINK317]Fig.1 Production and proportion of industrial waste sulfuric acid
[bookmark: OLE_LINK375][bookmark: OLE_LINK376][bookmark: OLE_LINK342][bookmark: OLE_LINK343][bookmark: OLE_LINK332][bookmark: OLE_LINK333][bookmark: OLE_LINK336][bookmark: OLE_LINK337][bookmark: OLE_LINK285][bookmark: OLE_LINK286][bookmark: OLE_LINK287][bookmark: OLE_LINK288][bookmark: OLE_LINK289][bookmark: OLE_LINK290][bookmark: OLE_LINK291][bookmark: OLE_LINK292][bookmark: OLE_LINK293][bookmark: OLE_LINK296][bookmark: OLE_LINK297][bookmark: OLE_LINK225][bookmark: OLE_LINK247][bookmark: OLE_LINK248][bookmark: OLE_LINK325][bookmark: OLE_LINK326][bookmark: OLE_LINK327][bookmark: OLE_LINK252][bookmark: OLE_LINK253]The aim of the retrieve of waste sulfuric acid is realizing resource recovery and cleaner production during industrial process, the waste sulfuric acid is reused after recovery and purification, for example, Godunov E B et,al[20] reported that the waster sulfuric acid from petrochemical industry was reused in the works of dissolving spent Mn–Zn chemical current sources. Chojnacki A et,al[21] researched the utilization of spent sulfuric acid from petrochemical industry in the production of wet‐process phosphoric acid. Jarosz-Krzemińska E et,al [22] reported the recycling of spent sulfuric acid pickle liquor in cement production. In addition, the waste sulfuric acid which is used for cleanout from semiconductor industry could reused to steel industry after concentration and purification [15,18]. There is several methods used in traditional process for the recovery and purification of waste sulfuric acid, such as solvent extraction [23,24], diffusion permeation [25], ion exchange [26], electrolysis [27,28] and membrane treatment [29],. The concentration of waste sulfuric acid is so lower that it could not reuse directly despite those treatment, thus, the concentration process is demanded, and a series of method for concentration process is researched, for instance, the vacuum membrane distillation [30], rectification [31], spray evaporation [31], melt crystallization [33], multiple-effect membrane distillation [34], batch vacuum distillation [35], and vacuum membrane distillation [36]. Wherein, the equipment used mainly includes submerged heater, drum concentrator, Pauling concentrator and spray evaporator [27, 37]. However, those equipment is exposed to the threat the corrosion of sulfuric acid because the increase of concentration and temperature [38], this lead to repair and renewal during the uninterrupted production cycle, which results in the extra cost for the enterprises to recover sulfuric acid, due to the increased environmental awareness. Thus, the key problem that improve the corrosion resistance of equipment and reduce the corrosion risk from sulfuric acid limit the concentration and cyclic utilization of sulfuric acid. The extensive way is to add lining materials and improve the corrosion resistance of container surface, but conventional methods is based on the wall heat exchange to raise the temperature of sulfuric acid [25, 39], which cannot avoid the contact between sulfuric acid and equipment wall surface. Even though the spray evaporation process have solved the problem partially, but the sulfuric acid aqueous solution is reduced into the fine droplets, the influence from the steam carrying causes end gas pollution if the gas is not strictly purified [40]. In summarize, the conventional process for distillation and concentration of sulfuric acid still faces the problems of the long process, high energy consumption, complex conformation and others, but it is bound to recognize those conventional processes have their own unique characteristics and values. In order to change such an embarrassed situation, it is necessary to adopt new heat transfer process and concentration process. Thereinto, those factors should be carefully considered including the equipment corrosion resistance, process economy, process principle, et,al. it is very meaningful to develop a fast, efficient and clean process for the concentration and distillation of sulfuric acid. 
[bookmark: OLE_LINK254][bookmark: OLE_LINK255][bookmark: OLE_LINK256][bookmark: OLE_LINK257][bookmark: OLE_LINK258][bookmark: OLE_LINK259][bookmark: OLE_LINK269][bookmark: OLE_LINK270][bookmark: OLE_LINK301][bookmark: OLE_LINK302]Microwave heating as a source of energy is widely applied in drying [41], chemical [42,43], metallurgy [44] and food engineering [45]. For the properties of microwave heating such as volume heating, fast heat transfer rate, selective heating and internal heating. Microwave could penetrate into the sample and heat throughout the volume of the material [46], the activity of the internal water molecules is enhanced which accelerates the drying rate and short the drying time by microwave during drying process [47]. The application of microwave in the process of liquid concentration and multi-phase distillation is also researched, the theory holds that microwave has the effect of affecting the vapor-liquid phase equilibrium (VLE) in the distillation process [48], and the strengthening effect of microwave on the phase equilibrium is related to medium, microwave power, volume and position of radiation action [49]. It has been proved that microwave can strengthen some specially appointed reactive distillation and has the advantages of short time and lower energy consumption [50]. The most remarkable feature of microwave enhanced reactive distillation process is that microwave can rapidly supply energy for the reaction system, and the temperature of the distillation process can fast increase to match the reaction temperature, meanwhile, the electromagnetic radiation can also accelerate the reaction rate [51]. The confirmation and fully understand of the mechanism that microwave significantly strengthens the distillation separation process is still a core issue for microwave chemical process. Although there are few researches on microwave strengthening chemical process such as distillation, evaporation, polymerization and rectification, the application of microwave in the process of concentration and distillation has unique advantages and good prospects compared with other strengthening technologies. 
[bookmark: OLE_LINK272][bookmark: OLE_LINK300][bookmark: OLE_LINK303][bookmark: OLE_LINK219][bookmark: OLE_LINK251]In this research, a novel microwave heating flash evaporation system (MWHFES) is set up and used for the concentration and distillation of sulfuric acid, taking the dilute sulfuric acid with mass fraction of 75 wt% is used as experimental material, the feasibility of using microwave heating flash evaporation system to concentration sulfuric acid is investigated. According to the average evaporation rate of experimental process, the variety of mass fraction of sulfuric acid and water in medium is calculated. Moreover, the heat volume transfer coefficient is calculated which base on the temperature raise range of sulfuric acid aqueous solution, the heating efficiency of system is also calculated and used to coach the optimization of process. The concentration of sulfuric acid is analyzed by chemical titration. The research work of this paper would provide technological reference for the concentration of sulfuric acid by microwave heating vacuum distillation process.

2. Experiment
2.1 Experimental system 
[bookmark: OLE_LINK415][bookmark: OLE_LINK416][bookmark: OLE_LINK13][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK307][bookmark: OLE_LINK308][bookmark: OLE_LINK309]The experiment was conducted in the microwave heating flash evaporation system (MWHFES) at Kunming University of Science and Technology (KUST) as shown in Fig.2. As shown in Fig.2 (a), the system was mainly composed by four parts, i.e., system control and microwave generation part, flash evaporation part, steam cooling part, off-gas collecting part, the photograph of experimental apparatus was shown in Fig. 2(b), wherein, the shape of flash evaporation chamber was cylindrical and the volume was 26.5L, and the upper top was connected to cavity though threaded bolt. The chambers and tubes in system were made of stainless steel, and all the tubes and chambers were covered by insulation material to reduce heat loss, and the height of cooling tower was 100cm. the heat exchange area of cooling tower was 4398 cm2. The power of magnetron was continuously controllable and the output power was among 0-1.5kW. The model number of waveguide was BJ-22. The diameter of tubes used to export steam or gas were 4cm. The maximum pumping rate of vacuum pump was 137.4L/min, which was sufficient to keep the pressure of chamber at a maintenance level. A cylindrical liquid tank which was made of PTFE was placed in the evaporation chamber to load liquid, thus, the connection between sulfuric acid and the inner surface of chamber was averted during experiment. The depth of the tank was 200 mm, the inner diameter was 230 mm, the outer diameter was 250 mm, the maximum capacity was 8 L, and the superficial area of the tank was 415.48 cm2.
During evaporation process, the most important factors were pressure and temperature, the temperature and pressure was measured by thermometer and pressure transducers respectively, the thermometer was covering a range from 0 to 500℃ with a precision of 1% and the pressure transducers was covering a range from 0 to 150kPa with a precision of 1%. An electricity meter was set in system control cabinet to record the power consumption of experiment.


[image: ]
[bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: OLE_LINK10][bookmark: OLE_LINK48][bookmark: OLE_LINK49][bookmark: OLE_LINK50](1) System Control Cabinet, (2) Connection line, (3) Magnetron, (4) Flash evaporation Chamber, (5) Liquid Tank, (6) Pressure Transducers, (7) Thermometer, (8) Watch Window, (9) Connected Pipe, (10) Cooling Tower, (11) Condensate Receiver Tank, (12) Vacuum pump, (13) Tail gas absorption. 
[bookmark: OLE_LINK377][bookmark: OLE_LINK378][bookmark: OLE_LINK379] (a) Schematic diagram of experimental apparatus 
[image: E:\0000AAAA\AAA----其他研究\磷酸浓缩\聚磷酸的蒸发结晶制备\聚磷酸设备.jpg]
(b) Photograph of experimental apparatus 
(1) System Control Cabinet. (2) Evaporation Chamber, (3) concentrate Receiver Tank, (4) Watch Window, (5) Connected pipe, (6) Cooling Tower, (7) condensation product tank, (8) Vacuum degree transducers, (9) vacuum buffer vessel, (10) Vacuum pump. (11) Magnetron, (12) Wave guide. 
Fig.2. Microwave Heating Flash Evaporation System (MWHFES)
2.2 Experimental procedure
[bookmark: OLE_LINK422][bookmark: OLE_LINK423][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK179][bookmark: OLE_LINK418][bookmark: OLE_LINK419][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK26]The first step of experiment consisted in filling in the PTFE liquid tank with the sulfuric acid of concentration of 75% to design initial volume, and checking the sealing of the chamber, valve, pipe connection, etc. the second step of experiment was that reduced pressure of flash evaporation chamber to designed value though switching on vacuum pump. Once the pressure was obtained, microwave power with designated value should be supplied into flash evaporation chamber. Afterwards, the experiment and the measurements of pressure and temperature were started simultaneously. 
[bookmark: OLE_LINK74][bookmark: OLE_LINK75]There were two methods to control the absolute pressure of flash evaporation chamber, i.e., adjusted the start-stop of vacuum pump to realize depressurization, and kept the operation of vacuum pump to obtain constant negative pressure, the gas flow meter in vacuum pump would be adjusted if necessary to change the absolute pressure of flash evaporation chamber during experiment.
2.3 Experimental design 
The experimental cases and operation parameters were listed in Table.1, the influence of microwave power, liquid volume and flash chamber absolute pressure on the effect of concentration and energy consumption were conducted with the microwave power of 0.6kW and 1.2kW, the liquid volume of 600ml and 2000ml, the initial mass fraction of 75%, and the pressure of flash evaporation chamber was kept was among 3kPa to 45kPa. 
[bookmark: OLE_LINK420][bookmark: OLE_LINK421]As shown in Table.1, case-1 and case-2 were generated as the control groups of microwave power and heating time, case-3 and case-4 were generated as the control groups of depressurization and constant negative pressure, and case-5 was set up as the enlargement control group of volume to verify the possibility of concentration and distillation under optimal condition. Particularly, case-3 and case-4 were chosen as the evidence to explain the variety of temperature and pressure, the change of mass fraction, and heat transfer characteristic of concentration and distillation process in this research. 


Table 1 Experimental cases and operation parameters
	Case
	Microwave power
(kW)
	Pressure
(kPa)
	Time
(min)
	Initial volume
(ml)
	Remark
(Pressure control)

	Case-1
	0.6
	4.0-8.5
	50
	600
	Total process

	Case-2
	1.2
	4.0-8.5
	100
	600
	Total process

	Case-3
	1.2
	10-45
	50
	600
	Microwave heat 

	
	
	6-7.5
	
	
	Evaporation

	Case-4
	1.2
	30-35 
	50
	600
	Total process

	Case-5
	0.6-1.2
	30-42
	150
	2000
	Microwave heat 

	
	
	6-42
	
	
	Evaporation



3 Theory 
[bookmark: OLE_LINK204][bookmark: OLE_LINK205][bookmark: OLE_LINK14][bookmark: OLE_LINK17][bookmark: OLE_LINK3]3.1 The mechanism of microwave heating 
[bookmark: OLE_LINK380][bookmark: OLE_LINK381][bookmark: OLE_LINK206][bookmark: OLE_LINK207][bookmark: OLE_LINK208][bookmark: OLE_LINK209][bookmark: OLE_LINK210][bookmark: OLE_LINK211][bookmark: OLE_LINK214][bookmark: OLE_LINK222][bookmark: OLE_LINK220][bookmark: OLE_LINK221][bookmark: OLE_LINK304][bookmark: OLE_LINK305]There are many mechanisms of heat development during microwave heating process, i.e., the orientation, free electrons, domain wall, electron shin and position and movement of dipoles. Those phenomena may generated by oneself or combination during microwave heating. However, the dipolar loss was considered to be more effective in dielectric insulator materials that dipoles were generated when exposed to external electric field [52]. As shown Fig.3, the agitation in molecular dipoles of water was generated from microwave field due to the relocation and resistance from inertial, elastic, frictional and molecular interaction forces of molecular, there was a hysteresis between the frequency of the molecular motion and the frequency of oscillating electric field, but the molecular kinetic energy is increase unremittingly until the shutting of microwave. Hence, the temperature of material is increased within a short time. 
[image: https://ars.els-cdn.com/content/image/1-s2.0-S1359835X15003917-gr3.jpg]
Fig.3 Heating mechanism in dipolar loss [45] 
[bookmark: OLE_LINK83][bookmark: OLE_LINK84]The electromagnetic field distribution in the microwave cavity could be explained though solving MaxWell’s equations as following Eq. (1).

              （1）
During evaporation process, the power density of microwave heating could be calculated by Eq. (2).

                          (2)
The abilities of storing microwave energy and heat generation to liquid could be described by complex dielectric constant that calculated by Eq. (3).

                              (3)


[bookmark: OLE_LINK387][bookmark: OLE_LINK382][bookmark: OLE_LINK383][bookmark: OLE_LINK388][bookmark: OLE_LINK30][bookmark: OLE_LINK31]where, the real part  was called “dielectric constant” and it referred the ability that material storing microwave energy in microwave field,, the imaginary part  was called “dielectric loss factor” and it referred the ability of material gain thermal energy from microwave field.
[bookmark: OLE_LINK72]The ratio between dielectric constant and dielectric loss factor was called “loss tangent,” and it referred to the ability of the exposed material to convert the absorbed microwave energy into thermal energy, it was calculated by Eq. (4).

                              (4)
[bookmark: OLE_LINK85][bookmark: OLE_LINK86]3.2 Thermal model 
[bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK38][bookmark: OLE_LINK47]A model of the geometry was developed to illustrate the evaporation process as shown in Fig.4. A flow chart for the energy balance and heat transfer process was shown in Fig.5. 
[image: D:\0000AAAA\设备结构图纸\硫酸微波蒸馏1.jpg]
Fig.4 Physical model of sulfuric acid concentration 
[image: ]
Fig.5 Flow chart for the energy balance and heat transfer process
[bookmark: OLE_LINK34][bookmark: OLE_LINK35]As shown in Fig.5, the specific heat of sulfuric acid was calculated by classical Eq. (5), the regression equation is practical in the temperature range of 298℃ to 553℃ [53]. 

            (5)
The energy balance of experimental process was calculated by Eq. (6).

                      (6)




[bookmark: OLE_LINK201][bookmark: OLE_LINK202][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK79]Wherein, c is the thermal of original acid of distillation, is the energy of microwave,  is the energy of evaporant,  is the thermal of concentrated acid of distillation,  is the thermal loss of system. 
The evaporation mass of sulfuric acid was calculated by Eq. (7), it is the mass difference of sulfuric acid before and after evaporation. 

                            (7)



[bookmark: OLE_LINK200][bookmark: OLE_LINK212]Wherein,  is the mass difference,  is the mass of original acid,  is the mass of concentrated acid. 
[bookmark: OLE_LINK80][bookmark: OLE_LINK199]The average evaporation rate during experimental time could be calculated by Eq. (8). 

                                (8)


Wherein,  is the average evaporation rate,  is the experimental time. 
The average volume change rate of the acid rate during experimental time could be calculated by Eq. (9). 

                             (9)



[bookmark: OLE_LINK194][bookmark: OLE_LINK195][bookmark: OLE_LINK196]Wherein,  is the average volume change rate,  is the volume of original acid , is the volume of concentrated acid. 
The mass balance and component balance could be calculated by Eq.(10). 

                        (10)



where, ,, is the mass fraction of original sulfuric acid, concentrated sulfuric acid and water respectively. 
[bookmark: OLE_LINK197][bookmark: OLE_LINK198][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK87][bookmark: OLE_LINK88][bookmark: OLE_LINK89][bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: OLE_LINK96]There was a hypothetical condition in the calculation of evaporation heat that the total evaporant at the outlet was hot steam, there was little sulfuric acid molecule was carried out by steam. Hence, the equilibrium vapor partial pressure of water vapor is regarded as the total equilibrium vapor pressure, the standard evaporation enthalpy of water per unit was equal to the standard molar specific heat of capacity of steam corresponding to pressure and temperature in isobaric procedure. So the heat of evaporant could be calculated by Eq. (11). The regression equation was practical in the temperature range of 273℃ to 623℃ [54]. 

    (11)
[bookmark: OLE_LINK27][bookmark: OLE_LINK39]The heat of sulfuric acid after concentration could be calculated by Eq. (12). 

                           (12)
The heat balance between the real-time heat of sulfuric acid and the heat of microwave was calculated by Eq. (13). 

                 (13)
[bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK44]The temperature raise of sulfuric acid could be calculated by Eq. (13) and replaced as Eq. (14).

            (14)
[bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK213][bookmark: OLE_LINK215][bookmark: OLE_LINK216]The volume heat transfer coefficient of sulfuric acid during of evaporation and concentration process from microwave heating was calculated by Eq. (15).

                (15)

[bookmark: OLE_LINK389]where,  is the volume heat transfer coefficient.  
[bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK390]3.3 Heating efficiency 
[bookmark: OLE_LINK18]In the work, the energy consumption was assessed by the difference of electric quantity recorded by electric meter before and after the experiment. Assumed the sulfuric acid concentration process was an isentropic process, in other words, there is none of heat exchange between outlet environment and evaporation system, the only heat source of evaporation was microwave heating, the heating efficiency of system was defined as the ratio between the sum of the heat of sulfuric acid and evaporant which was used in evaporation process and the energy fed in the evaporation chamber by microwave as shown in Eq. (16). 

                     (16)
4. Results and discussion
4.1 Experimental results
[bookmark: OLE_LINK424][bookmark: OLE_LINK425][bookmark: OLE_LINK426][bookmark: OLE_LINK411][bookmark: OLE_LINK412][bookmark: OLE_LINK413]Experiments were conducted according to parameters in Table.1 and the results of mass fraction were shown in Table.2, sulfuric acid mass fraction increase of 10%-20% was achieved under different operation conditions. As shown in Table.1 and Table.2, the chamber pressure in case-1 and case-2 was too low to get high temperature of sulfuric acid and induce effective dehydration to get higher mass fraction, even though the microwave power was enhanced and heating time was extended. The chamber pressure was increased to develop experiments in case-3 and case-4, the better concentration effect was obtained under the constant negative pressure condition in case-4 that achieved mass fraction of 95.08%. Hence, it could be inferred that the distillation and concentration of sulfuric acid should be generated under constant negative pressure condition that ensured the raise of temperature and the evaporation of water, where the gas-liquid phase balance (GLE) in flash evaporation chamber should be controlled efficiently. The enlargement control group of volume was conducted in case-5 under constant negative pressure condition and the sulfuric acid mass fraction was achieved 94.63%. Those experimental results indicated the possibility of utilizing microwave heating in the process for distillation and concentration of sulfuric acid. 



[bookmark: OLE_LINK158][bookmark: OLE_LINK159]Table 2 Experimental results for different cases of sulfuric acid concentration
	Case
	Case-1
	Case-2
	Case-3
	Case-4
	Case-5

	Initial value
	Mass (kg)
	1001.4
	1001.4
	1001.4
	1001.4
	3338

	
	Volume (L)
	600
	600
	600
	600
	2000

	
	Mass fraction (%)
	75
	75
	75
	75
	75

	Ultimate value
	Mass (kg)
	837
	939.6
	811.8
	771.4
	2650.5

	
	Volume (L)
	500
	500
	455
	420
	1510

	
	Mass fraction (%)
	85.64
	88.31
	87.38
	95.08
	94.63



[bookmark: OLE_LINK66]4.2 Analysis
[bookmark: OLE_LINK391][bookmark: OLE_LINK392]4.2.1 The variety of temperature and pressure
[bookmark: OLE_LINK76]The curves of temperature and pressure of case-3 and case-4 were measured as shown in Fig.6 and Fig.7 respectively, the curves were used as the control groups for depressurization and constant negative pressure according to experimental operation parameters in Table.1. 


Fig.6 The temperature and pressure of case-3


Fig.7 The temperature and pressure of case-4
Fig.6 shown concentration process of case-3 under depressurization condition, the pressure of flash evaporation chamber was decreased less than 7kPa by depressurization when the temperature raised to 100℃, and then the pressure is kept among 5kPa-7kPa for 15min, those operations made the flash evaporation occurred to induce dehydration of sulfuric acid. And then the vacuum pump was switched off to stop depressurization, the pressure of flash chamber raise to 48.2kPa due to the evaporation of the free water, the temperature of sulfuric acid increased to 190℃ at last. Fig.7 shown the concentration process of case-4 under constant negative pressure condition with the flash evaporation chamber pressure kept among 29.2kPa to 36.8kPa, the temperature of sulfuric acid increased to 237℃ at last. 
[bookmark: OLE_LINK138][bookmark: OLE_LINK139]4.2.2 The variety of mass fraction 
[bookmark: OLE_LINK144][bookmark: OLE_LINK148][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK77][bookmark: OLE_LINK78][bookmark: OLE_LINK81][bookmark: OLE_LINK127][bookmark: OLE_LINK128][bookmark: OLE_LINK82][bookmark: OLE_LINK97][bookmark: OLE_LINK98][bookmark: OLE_LINK136][bookmark: OLE_LINK137]The mass fraction of sulfuric acid and water in the sample was calculated by equations (7-10) and the results of case-3 and case-4 were shown in Fig.8 and Fig.9 respectively. As a results, the mass fraction of sulfuric acid in liquid phase was ascending, meanwhile, the mass fraction of water in gas phase was enhancive with the increase of temperature. Because molecules of sulfuric acid and water got more initial kinetic energy under microwave heating, the energy from microwave heating supply the water molecules in sulfuric acid obtained enough energy to overcome intermolecular forces and escape into the gas phase, the vaporization of water would be more intense under the depressurization condition. Furthermore, microwave made that the intermolecular collision frequency accelerates between sulfuric acid and water molecules increased, and the heat transfer was enhanced in the process of distillation and separation due to the increase of temperature. 
Moreover, the partial pressure of water steam in sulfuric acid aqueous solution was shown in Fig.10, the partial pressure of water increased with the raise of temperature but decrease with the mass fraction of sulfuric acid raise. This indicated that with the increase of sulfuric acid temperature and concentration, the possibility of water molecule escape was getting lower and lower. Therefore, there was a beneficial method to promote water evaporation that changed gas-liquid interface pressure and increased temperature of liquid phase. The combined action between depressurization and temperature raise could change the gas-liquid phase balance (GLE) at the vapor–liquid interface that make the interaction forces become more weakened which was beneficial for water molecules to escape. However, there was a problem that must be considered that the escape of sulfuric acid in gas phase during evaporation process, no further study would be carried out in this paper but will be analyzed in future research.


Fig. 8 The variety of mass fraction of sulfuric acid and water (Case-3)


Fig. 9 The variety of mass fraction of sulfuric acid and water (Case-4)


[bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK131]Fig.10 Partial pressure of water steam in sulfuric Acid Aqueous solution
4.3 Heat transfer characteristic 
4.3.1 Effect of pressure and thermal conductivity on temperature raise
[bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK140][bookmark: OLE_LINK107][bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK19][bookmark: OLE_LINK64]The thermal conductivity of sulfuric acid was decreased with the increase of temperature and mass concentration as shown in Fig.11, this denoted that the heat transfer rate and temperature raise rate would become slow during the concentration and distillation process. The relationship between temperature raise and pressure variety for case-3 and case-4 was shown in Fig.12, the average temperature raise rate was in the range of 1℃ to 4℃ per minute at the beginning of experiment with duration of 15mins, and then, the temperature raise rate reduced gradually and the average value was about 2℃, this indicated that the thermal conductivity of sulfuric acid was decrease. However, the gas-liquid equilibrium (GLS) state of case-3 was changed due to the change of flash evaporation chamber pressure, this leads to the change of property and composition of sulfuric acid aqueous solution, and the temperature raise rate was increased in the later time of experiment because of pressure increase. Simultaneously, microwave was continuously supplied into the evaporation chamber in situ position during distillation process, the evaporation of water and the concentration of sulfuric acid was triggered incessantly and the temperature of sulfuric acid raised persistently even though the thermal conductivity was reduced due to the better dielectric properties of sulfuric acid aqueous solution. 


[bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK190]Fig.11. The thermal conductivity of sulfuric acid 


Fig.12 The variety of temperature raise and pressure for case-3 and case-4
4.3.2 Volume heat transfer coefficient
[bookmark: OLE_LINK132][bookmark: OLE_LINK133][bookmark: OLE_LINK143][bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK104][bookmark: OLE_LINK150][bookmark: OLE_LINK151][bookmark: OLE_LINK191][bookmark: OLE_LINK362][bookmark: OLE_LINK167][bookmark: OLE_LINK168][bookmark: OLE_LINK113][bookmark: OLE_LINK114][bookmark: OLE_LINK120][bookmark: OLE_LINK123][bookmark: OLE_LINK427][bookmark: OLE_LINK110][bookmark: OLE_LINK111][bookmark: OLE_LINK112][bookmark: OLE_LINK239][bookmark: OLE_LINK240][bookmark: OLE_LINK124][bookmark: OLE_LINK125][bookmark: OLE_LINK126]There was an inverse relation between volume heat transfer coefficient and liquid volume and temperature difference according to Eq.(15). The volume heat transfer coefficient of sulfuric acid aqueous solution during distillation process was calculated and the results was shown in Fig.13, the volume heat transfer coefficient of case-4 under constant pressure condition was increase with the increase of sulfuric acid concentration and temperature, the reason was that temperature raise rate was decrease with the increase of sulfuric acid concentration and temperature under constant microwave power heating, the volume of sulfuric acid was reduced with the development of distillation process. 
But the volume heat transfer coefficient of case-3 under depressurization condition was variable as shown in Fig.13, the volume heat transfer coefficient was inversely related to the variety of the absolute pressure of flash evaporation chamber. The reason was that the temperature raise rate of case-3 was affected by the absolute pressure of flash evaporation chamber and thermal conductivity of sulfuric acid as shown in Fig.12. Moreover, once the operation of depressurization was carried out during experiment, the flash evaporation of sulfuric acid aqueous solution would occur, this leaded to the temperature difference of liquid and the volume heat transfer coefficient in case -3 was increased. But for case-4, the experiment was generated under stable negative pressure range, the volume heat transfer coefficient was increased gradually as shown in Fig.13. 
[bookmark: OLE_LINK146][bookmark: OLE_LINK147]


[bookmark: OLE_LINK396][bookmark: OLE_LINK397]Fig.13 The variety of volume heat transfer coefficient and pressure for case-3 and case-4
4.3.3 Efficiency of microwave heating
[bookmark: OLE_LINK176][bookmark: OLE_LINK177][bookmark: OLE_LINK178][bookmark: OLE_LINK171][bookmark: OLE_LINK172][bookmark: OLE_LINK173]The heating efficiency of microwave was changed with the volume, dielectric properties of medium, temperature of medium, body position, medium type and microwave input power. In present research, the variable factors included the temperature, volume and properties of the sulfuric acid, the change of these factors could be attributed to the heating efficiency and temperature raise. The heating efficiency of microwave was calculated by Eq.(16) and the results was shown in Fig.14. 
[bookmark: OLE_LINK401][bookmark: OLE_LINK398][bookmark: OLE_LINK399][bookmark: OLE_LINK400][bookmark: OLE_LINK402][bookmark: OLE_LINK403][bookmark: OLE_LINK404][bookmark: OLE_LINK405]It is found that the variety of efficiency of microwave heating was presented the same trend to temperature raise shown in Fig.12, this revealed that heating efficiency was affected by the temperature of sulfuric acid during distillation process. The dielectric property was the important factor for the efficiency of microwave heating which was related to temperature and properties of medium. However, the change of pressure in flash evaporation chamber induced the thermal properties and temperature of sulfuric acid was changed, and it could be inferred that when the heating rate of sulfuric acid was higher, the rate of sulfuric acid concentration and steam generation would be raise according to Eq. (10), the volume of sulfuric acid was decreased with the generation of concentration and distillation process. Correspondingly, those factors engendered the effects on temperature raise during distillation process of microwave heating. Therefore, the efficiency of microwave heating was changed with the law of temperature raise range shown in Fig.12. Because the mass fraction of water in sulfuric acid aqueous solution was higher at the begin of concentration process, the efficiency of microwave heating was averagely among 60% to 80% due to the eminent dielectric properties of water and sulfuric acid, but the value was reduced to 30% to 60% at the post-stage of distillation process because of the evaporation of water in sulfuric acid. Those results indicated that the interactions caused by many factors affected the efficiency of microwave heating during distillation process. 


Fig.14 The efficiency of microwave heating for case-3 and case-4

4.4 Energy consumption and process optimization 
4.4.1 The relation between concentration process and energy consumption
[bookmark: OLE_LINK406][bookmark: OLE_LINK407][bookmark: OLE_LINK145][bookmark: OLE_LINK152][bookmark: OLE_LINK153][bookmark: OLE_LINK154][bookmark: OLE_LINK155][bookmark: OLE_LINK156][bookmark: OLE_LINK157]The mass fraction of sulfuric acid after concentration and distillation process was shown in Table.3, different experimental case obtained different augment corresponding to experimental conditions shown in Table.1, and thereinto, the pressure state of each experimental process was different. Specially, the better concentration effect was achieved in experimental cases with the higher constant pressure condition under negative pressure, and this could be corroborated from the comparison of case-2,3,4. The increase of microwave power contributed less to concentration effect under the same experimental conditions, this could be validated from case-1 and case-2. 
During experiment, Case-5 was carried out as the enlargement control group to validate the influence of volume, pressure, time and microwave power on concentration effect, furthermore, the different pressure states were used in different heating treatment sections. The sulfuric acid was heated by microwave for 30min under the pressure of 30kPa to 42kPa, and then the flash evaporation chamber pressure gradually was reduced to the value range of 6kPa to 42kPa with still keeping microwave heating for 120min. As a result, the mass fraction of sulfuric acid increased by 20.08%. The feasibility of enhancing distillation and concentration of sulfuric acid by microwave heating was testified. 
Table.3 The energy consumption for different experimental case
	Case
	Microwave
Power(kW)
	Energy
Consumption (kW.h)
	Initial Mass
Fraction (%)
	Concentrated
Mass Fraction (%)

	Case-1
	0.6
	0.5
	75
	85.64

	Case-2
	1.2
	1
	75
	88.31

	Case-3
	1.2
	1
	75
	87.38

	Case-4
	1.2
	1.1
	75
	95.08

	Case-5
	0.6-1.2
	2
	75
	94.63


[bookmark: OLE_LINK408][bookmark: OLE_LINK414][bookmark: OLE_LINK417][bookmark: OLE_LINK409][bookmark: OLE_LINK410]It is found that the relationship among energy consumption and the volume of liquid, processing time, microwave power was not linear though the comparison among experimental cases. The reason was expounded as that, negative pressure condition could reinforce the evaporation of water because of water molecules still retained better thermal activity. But owing to the thermal activity of water molecules was feeble with lower temperature, lower pressure in depressurization condition was not propitious to the evaporation of water. The dielectric property of sulfuric acid aqueous solution was influenced by the mass fraction of component and temperature. It meant that the pressure of flash evaporation chamber, mass fraction of component and temperature had an interactional impact on the temperature raise of sulfuric acid under microwave heating. In addition, the increase of sulfuric acid volume and microwave power induced the changes of electromagnetic field in liquid and heat efficiency, this had a feedback effect on the sulfuric acid distillation process by microwave heating under vacuum. 
[bookmark: OLE_LINK183][bookmark: OLE_LINK184][bookmark: OLE_LINK192][bookmark: OLE_LINK193]4.4.2 Process optimization and selection
[bookmark: OLE_LINK236][bookmark: OLE_LINK428][bookmark: OLE_LINK429][bookmark: OLE_LINK185][bookmark: OLE_LINK186][bookmark: OLE_LINK187][bookmark: OLE_LINK188][bookmark: OLE_LINK189]Fig.15 illustrated a flow chart of the concentration and distillation process of sulfuric acid by microwave heating under vacuum, the manipulated variables were the volume of sulfuric acid, microwave power and the pressure of flash evaporation chamber. The microwave power should be matched the volume of medium during the distillation process, however, the water in sulfuric acid should be evaporated as soon as possible quickly to achieve the purpose of energy-saving and high-efficiency, it was necessary to maximize the microwave power density in the unit medium, this implied that the certain microwave power should use to heat the largest volume of sulfuric acid. As mentioned above, the microwave power was set as 0.6kW to 1.2kW, the volumes of sulfuric acid were set as 600ml and 2000ml, the boiling state of 2000ml sulfuric acid was realized in 30min though microwave heating, but sulfuric acid of 600ml needed 20min even though the pressure and volume in different experimental cases were not the same. It meant that the pressure and volume could affect the heating rate of microwave and indicated that the optimization between pressure, volume and power was necessary. 
[image: D:\0000AAAA\设备结构图纸\硫酸浓缩流程图.jpg]
Fig.15 The flow chart of the concentration and distillation process of sulfuric acid by MWHFES 
[bookmark: OLE_LINK237][bookmark: OLE_LINK238][bookmark: OLE_LINK430][bookmark: OLE_LINK433][bookmark: OLE_LINK223][bookmark: OLE_LINK224][bookmark: OLE_LINK431][bookmark: OLE_LINK432]The combined use of microwave heating and vacuum was beneficial to the distillation of sulfuric acid, which was mainly reflected in the following points. On the one hand, microwave heating technology was used in many fields for the characteristics of selective, instantaneous and volumetric. Due to the good dielectric properties of water and sulfuric acid, the sulfuric acid aqueous solution could be quick heated. On the other hand, the pressure of flash evaporation chamber was kept less than the saturation pressure corresponding to the temperature due to depressurization could intensify the evaporation of water. However, if the pressure of flash evaporation chamber was too low which resulted in the lower saturated temperature, this may restrict the thermal conductivity and molecular active of water. Consequently, the depressurization rate should not be too fast and the pressure of flash evaporation chamber should not be too low. In summary, the interaction between microwave power, volume, and pressure should be considered, and the parameters scope at each stage during distillation process should be determined and adjusted by the temperature of liquid. 
5. Conclusion 
[bookmark: OLE_LINK217][bookmark: OLE_LINK218][bookmark: OLE_LINK438][bookmark: OLE_LINK439]In this research, a novel microwave heating flash evaporation system was set up to carry out the distillation and concentration of sulfuric acid, a series of cases were developed to indicate the effect of distillation process, A compilation of the most important conclusions and ratiocination for such a distillation process were given below: 
· [bookmark: OLE_LINK230][bookmark: OLE_LINK231][bookmark: OLE_LINK232][bookmark: OLE_LINK233][bookmark: OLE_LINK234][bookmark: OLE_LINK235]The sulfuric acid aqueous solution could be quick heat by microwave, the combination of microwave heating and vacuum was beneficial to distillation process, the mass fraction of sulfuric acid in liquid phase increased rapidly in a short time. 
· [bookmark: OLE_LINK434][bookmark: OLE_LINK435][bookmark: OLE_LINK436][bookmark: OLE_LINK228][bookmark: OLE_LINK229]The vacuum degree of flash evaporation chamber was the key factor of concentration and distillation process, the better concentration effect was obtained with. 
· Temperature was the decisive normalization factor of distillation process, the increase of heat time could strengthen the effect of concentration under the same microwave power. 
· [bookmark: OLE_LINK241][bookmark: OLE_LINK242]The volume heat transfer coefficient was influenced by liquid phase temperature, flash evaporation chamber pressure and volume of medium, and the change rule was opposite between temperature raise and volume heat transfer coefficient. But both were affected by depressurization rate and flash evaporation chamber pressure. 
· In practical work, the distillation process of sulfuric acid by microwave heating flash evaporation system need further optimization, the relationship between microwave power, volume of medium and pressure of flash evaporation chamber is variant, but the specific adjustment parameters could determine by the temperature of medium. 
· [bookmark: OLE_LINK245][bookmark: OLE_LINK246][bookmark: OLE_LINK350][bookmark: OLE_LINK351]The application of microwave heating in distillation of sulfuric acid is a kind of clean production mode, the corrosion of sulfuric acid to heat transfer media and the pollution of products are avoided. 

	Nomenclature

 Electric field intensity (V/m)

 Angular wave frequency (2πf, rad/s)

 Speed of light in free space (3×108 m/s)

 Dielectric constant of a material

 Relative dielectric loss of a material

  Relative permeability

 Power(kW)

 Frequency of microwave (Hz)

 Loss tangent

 Thermal energy(J)

m mass(kg)

 time(min)

 Volume(L)

 Enthalpy(kJ/kg)

 Temperature(℃)

 Isobaric heat capacity
	[bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: OLE_LINK115]Subscript
MW microwave
OAD Original acid of distillation
EV Evaporant
CAD Concentrated acid of distillation
p pressure 

Superscript
l liquid
g gas 

Abbreviations
MWHFES Microwave Heating Flash Evaporation System 
GLE Gas-liquid phase balance
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