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 A B S T R A C T  

During condensation, an innovative and efficient experimental technique was created to modify the sweeping 

gas flow rate in order to describe the evolution curves and hot maps of the vapors produced by biomass 

pyrolysis. From the composition quantification of the segmental bio-oil recovered by the particular condenser 

with two flumes, the composition percentage of the pyrolysis vapors was inverted. The Slogistic function was 

used to fit the mathematical relationship between location and vapor concentration. Under 340 K water bath, 

the condensable proportion of water dropped from 85% to 60% as the N2 flow rate rose from 100 mL/min to 

500 mL/min. However, the N2 flow rate of 500 mL/min sped up the disruption of the condensing field and 

enhanced the recovery of components that could condense more forcefully than water. Under 300 mL/min, 

the condensable proportion of guaiacol and its derivatives dropped to 40%, whereas under 500 mL/min, it rose 

to 55%. Along with the distinct evolution of components with azeotrope phenomena or specific solubility, the 

evolution difference between high-proportion and low-proportion components in pyrolysis vapors in the 

condensing field was also covered. In the process of selectively condensing biomass pyrolysis vapors, the 

adjustment mechanism of constant non-condensable components on the evolution of condensable 

components was explained for the first time. This would greatly enhance our understanding of the intricate 

phase transition process. 
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1. INTRODUCTION: 

 

One of the key technologies for producing bio-oil from biomass pyrolysis and liquefaction was the 

condensation of pyrolysis vapors [1]. When compared to feedstock optimization or pyrolysis technique, the 

condensation adjustment proved to be a less expensive and more efficient way to enhance the quality of bio-

oil. This allowed for immediate use on pilot-scale and commercial biomass pyrolysis and liquefaction platforms 

[2]. Because of the variations in their condensing abilities, the various components in the vapors from biomass 

pyrolysis showed different recovery effects within the condenser's limited capacity [3]. Strong condensing 

capacities were selected to condense in the competitive connection between these components that was 

found during the liquefaction of pyrolysis vapors [4]. The selective condensation method was created to 

achieve the online separation of pyrolysis vapors by configuring the gradient multi-staged process based on 

this competitive connection a full condensing system's condensers. Several researchers examined the 

phenomenon of bio-oil components' separation and enrichment by fractional condensation [5,6]. However, 

these conclusions only considered the variation of bio-oil composition, but the actual condensing process 

simultaneously involved the frequent phase transitions of hundreds of compounds and how to study the 

componential evolution of pyrolysis vapors during condensation became the primary difficulty for the 

comprehension of condensing mechanism [7–9]. The component enrichment effect and adjustment precision 

of selective condensation would be improved significantly when the evolution mechanism of pyrolysis vapors 

was grasped in the condensing field.Palla et al. attempted to describe the evolution and recovery of each 
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component in high-temperature biomass pyrolysis vapors during indi- rect heat exchange through 

computational fluid dynamics (CFD) [10]. The modified Euler model was established for the numerical 

simulation of 12-component model compound of pyrolysis vapors. Compared with the experimental results 

under the similar conditions of pyrolysis and condensation, the simulated evolution results of guaiacol and 

coniferyl alcohol were coincident whereas the negligible recovery of acetic acid or propionic acid was far from 

the actual situation [4,11,12]. The incom- plete model compound constitution of pyrolysis vapors and 

unknown thermophysical properties of complex components led to the partial difference between simulation 

and experiment, which was hardly revised by the current detection and identification technologies [13]. 

Therefore, the specialized experimental investigation was more likely to seize the true condensing mechanism 

of biomass pyrolysis vapors [9]. The vapor and liquid distribution measured by experimental methods was 

closely related to the actual distribution on the premise of reliable detection means. Ill et al. reported a 

dynamic phase equilibrium mea- surement for water activity in bio-oil based on Fourier transformed infrared 

spectrometer (FTIR) [14]. But the vapor-liquid distribution relationship of organic compounds would be not 

measured by this method because of the inaccurate quantification of FITR for organics [15]. Nevertheless, this 

study demonstrated the possibility on the inversion of condensable componential evolution in the condensing 

field from bio-oil components through effective experimental methods. 

Assuming the negligible chemical reactions during condensation, we 

designed a unique and practicable experimental method for the evolu- tion of biomass pyrolysis vapors based 

on bio-oil composition inversion and function fitting [16–18]. The bio-oil from different positions of condensing 

field was recovered segmentally and the local composition proportion of pyrolysis vapors was inverted from 

bio-oil composition at the corresponding location. The evolution curves and distribution heat maps of 

condensable components in the condensing field were described by selecting suitable function to fit the 

relationship between vapor composition and location. The predictive effectiveness of this method was verified 

after the condensing field was adjusted, and the description precisions of linear and nonlinear functions were 

distinguished for the evolutions of different components [18]. With the assistance of this method the 

evolution distributions of water, acetic acid, furfural and guaiacol in walnut shell pyrolysis vapors were 

investigated in a vertical tubular heat exchanger at 273–353 K water bath temperatures, which particularly 

revealed the recovery situation of condensable components along with the condensing field including the 

initial point of conden- sation as well as the variation tendency and peak point of recovery rate [16]. Besides 

water bath temperature, however, the condensation and recovery of biomass pyrolysis vapors during indirect 

heat exchange were also affected by sweeping gas flow rate and flow field shape and other factors [3]. Among 

them, sweeping gas flow rate was a more sensitive adjustment that exhibited better economy and quicker 

feedback time than water bath temperature [19]. But the recovery evolutions of py- rolysis vapors with 

changing sweeping gas flow rate were seldom studied due to lack of dependable research methods 

previously.Furthermore, although the existing investigations summarized the influence of sweeping gas flow 

rate on bio-oil yield and composition, the individual impact on biomass pyrolysis or vapor condensation was 

not distinguished [6,20]. The study of Huang et al. reported that bio-oil yield increased first and then 

decreased with increasing inert gas flow rate in a fluidized bed reactor [21]. The suitable increase in flow rate 

decreased the residence time of pyrolysis products in the hot zone and avoided some secondary reactions 

while the extreme increase led to the eddy appearance in the flow field that would promote the secondary 

reactions of pyrolysis products. Therefore, for exclusively studying the influence of sweeping gas flow rate on 

condensation, the pyrolysis reactor should have the ability to avoid the significant effect of sweeping gas flow 

rate on biomass pyrolysis process. The previous results from our study indicated that the dense pile of 

pyrolysis feedstock generated the relatively saturated secondary reactions in the laboratory-scale fixed bed 

biomass pyrolysis reactor based on a horizontal tubular furnace, and the secondary reactions were negligibly 

affected by changing sweeping gas flow rate [22]. For developing the adjustment methods of selective 

condensation and reducing the production costs, the gap should be filled in the individual effect of sweeping 

gas on the evolution of pyrolysis vapors during condensation. In the present study, the novel and effective 
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experimental method based on bio-oil composition inversion and func- tion fitting was applied to investigate 

the effect of sweeping gas flow rate on the evolution of pyrolysis vapors during condensation. The lique- 

faction of walnut shell pyrolysis vapors was conducted in the specific condenser with two flumes for segmental 

bio-oil recovery. Bio-oil organic composition was quantified by internal standard method. The evolution curves 

and heat maps of condensable components were described by fitting the relationship of remaining vapor 

proportion and position with Slogistic function. The visual description of biomass py- rolysis vapors was 

successfully achieved without numerical simulation. The evolutions of pyrolysis vapors under different N2 flow 

rates were compared for the separation and purification of high value-added components.  

 

2. Supplies and techniques 

2.1. Contents 

In order to do the pyrolysis and liquefaction experiment, the walnut shells from Anhui Province, China were 

chosen for this investigation. Walnut shells were evaluated proximally (dry basis) in accordance with Standard 

GB/T 28,731–2012. Walnut shells had weight percentages of 3.73 wt%, 74.32 wt%, 0.97 wt%, and 20.98 wt% 

for moisture, volatile carbon, ash, and fixed carbon, respectively. The Elementary VarioEL-III element analyzer 

was used to do the final analysis of walnut shells (dry ash-free foundation). The weight percentages of 

nitrogen, sulfur, hydrogen, oxygen, and carbon were, in order, 52.62 wt%, 5.67 wt%, 41.26 wt%, 0.34 wt%, and 

0.11 wt%. The fixed carbon and oxygen values were computed as a difference.  

2.2. Laboratory-scale biomass pyrolysis liquefaction platform 

The pyrolysis and condensation experiment of walnut shells was conducted on the platform shown in Fig. 1. 

This laboratory-scale plat- form was made of three systems: sweeping gas transportation system, fast pyrolysis 

system and vapor condensation system. The composition of three systems was introduced in our previous 

studies [16,22]. Particularly, the two flumes for bio-oil segmental recovery were added on the inner wall of the 

first condenser. The locations of two flumes were 80 mm and 185 mm away from the vapor inlet of condenser. 

The reason for the specific positions of flumes was devoted to more distinct description at the beginning of 

fitted curve [16]. 

 

 

 2.3. Experimental parameters 
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The maximum load of pyrolysis reactor was about 25 g walnut shells for each run, but the present study chose 

20.0 g ± 0.5 g walnut shells as pyrolysis feedstock for more sufficient heat exchange between reactor and 

biomass. The pyrolysis temperature was set at 773 K ± 10 K that was proved to be the most suitable 

temperature for the pyrolysis and liquefaction of walnut shells on the present platform [18]. On the promise of 

about 20 g pyrolysis feedstock and 773 K pyrolysis temper- ature, 300 s ± 5 s was verified to adequately 

pyrolyze these walnut shells in the present reactor [18]. The effect of 300–1500 mL/min N2 flow rates on bio-

oil composition was reported in our previous study [22]. The variation of sweeping gas in low flow rate range 

significantly affected the recovery of liquid products but high flow rate possibility damaged the air tightness of 

the whole device. Hence, N2 flow rates were selected at 100 mL/min, 300 mL/min and 500 mL/min in turn for 

analyzing the evolution of pyrolysis vapors. The present study was devoted to the evolution of biomass 

pyrolysis vapors with different sweeping gas flow rates in the single condensing field, from which the evolution 

could be extended in the continuousmulti-staged condensing fields. Meanwhile, both extremely high and low 

water bath temperature tended to narrow the influential scope of  sweeping gas flow rate, that had the 

potential to misunderstand the relevant effect mechanism. The investigation on the same platform indicated 

that the adjustment of sweeping gas flow rate showed the largest influential scope under 340 K water bath 

[22]. Thus, the present study set the water bath temperature at 340 K ± 1 K and the primary target was the 

evolution variation of pyrolysis vapors under 340 K water bath. The second condenser was set at 300 K ± 2 K 

(room temperature) for the recovery of valuable condensable components in the remaining vapors leaving the 

first condenser. For fitting evolution curve, the first condenser should also be set at 300 K ± 2 K, at which 

negligible liquid products were recovered in the second condenser. All liquid products in the first condenser 

could be regarded as the total condensable compo- nents under the condensing capacity of water bath.  

2.4. Bio-oil composition qualification 

Because all bio-oil components were difficultly distinguished and qualified by the existing means especially 

large molecular oligomers and micro-content compounds, the typical components that could represent other 

components with similar structures and boiling points were preferred to be selected for investigation [13]. By 

comparing the values and features of detectable components, water, acetic acid, furfural, phenol, methyl 

cyclopentenolone (MCP), guaiacol, vanillin, 4-methyl guaiacol, catechol, 4-ethyl guaiacol, syringol and eugenol 

were selected for qualification [8]. The moisture in bio-oil was analyzed using Karl Fischer titrator. The internal 

standard method based on gas  chromatography-flame ionization detector (GC-FID) was chosen to quantify 

the weight percentage (wt.%) of representative organic com- pounds in bio-oil. 1, 2, 4, 5-tetramethylbenzene 

was used as internal standard substance. The detailed method was given in our previous investigations[17,18]. 

 2.5 Function fitting of vapor evolution 

The evolution curves and heat maps of condensable components in biomass pyrolysis vapors with the 

development of condensing field were described through the combining method of bio-oil composition inver- 

sion and Slogistic function (Eq. (1)) fitting under the assumption of negligible chemical reactions during 

condensation [18]. As calculated by Eq. (2), the remaining vapor proportion (RVP) of one component denoted 

the relative percentage of vaporous component to the total component. M0 was the total mass of one 

component recovered by the first condenser under 300 K water bath and Mi was the mass of one component 

recovered by flume i under 340 K water bath (i ≤ 3). Flume 0 was the vapor inlet of condensing field and the 

theoretical value of M0 was kept at 0, and flume 3 was the bottom of condensing field. The location of flume i 

was selected as ’x’ of Slogistic function and the relevant RVP was selected as ’y’ of Slogistic function, which was 

utilized to fit the vapor evolution curve of this component during condensation. The first derivative of fitted 

curve was named as recovery rate that represented the RVP decline per unit length of condensing field. The 

relevant parameters in the fitted equations were listed in Table 1. 
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Under the same pyrolysis condition, the condensable components in high-temperature biomass pyrolysis 

products were determined by  condensing condition. Poor heat exchange only allowed the condenser to 

recover some oligomers and sugars but most of pyrolysis products remained vapor, such as high-temperature 

oil bath and spraying. Remarkable heat exchange could even recover CO2 and CH4 that were non-condensable 

components under water bath, such as liquid nitrogen bath. For comparing the distribution of condensable 

and non- condensable components in the condensing field, the condensing effi- ciency was calculated by Eq. 

(5), which represented the ratio of the recoverable components in one flume or condenser to the total 

pyrolysis products [22]. Low condensing efficiency meant relative high propor- tion of non-condensable 

components in the current part of condensing field. High-temperature water bath would weaken the heat 

exchange between pyrolysis vapors and condenser and inhibit the liquefaction of low-boiling components with 

poor condensing abilities. At 100 mL/min N2 flow rate, the total condensing efficiency of the first condenser 

increased from 0.62 to 0.69 when the water bath temperature decreased from 340 K to 296 K. The most 

increment of condensing efficiency was derived from the recovery improvement of the middle, which 

indicated that the recovery of high-temperature vapors in the top was hardly improved by decreasing water 

bath temperature because the limited space of top section was not enough to provide a relatively sufficient 

heat and mass exchange of pyrolysis vapors. N2 belonged to the constant non-condensable component within 

the 

adjustable temperature range of water bath, and the increasing N2 would thicken the layer of non-

condensable components that hindered the heat and mass exchange process in the condensing field. Thus, the 

total condensing efficiency of the first condenser decreased with increasing N2 flow rate, and meanwhile most 

of increasing non- 

  

condensable components were recovered by the second condenser which kept its total condensing efficiency 

due to the strong condensing capacity from low water bath temperature. As N2 flow rate was adjusted from 

100 mL/min to 300 mL/min, the top condensing efficiency of the first condenser considerably decreased from 

0.23 to 0.14 whereas the condensing efficiencies of middle and bottom section increased slightly. This finding 

indicated the condensation of top section was inhibited more seriously by increasing sweep gas due to the 



JuniKhyat                                                                                               ( UGC Care Group I Listed Journal) 
ISSN: 2278-4632                                                                                                Vol-10 Issue-02 Oct 2020 
 
insufficient heat and mass exchange in the front part of condensing field. But 300 mL/min flow rate was 

difficult to completely inhibit the condensation of middle and bottom, and the components that failed to 

condense in the top were recovered in the middle and bottom, finally leading to the increment of local 

condensing efficiencies. When N2 flow rate was further improved to 500 mL/min, the top condensing 

efficiency no longer showed a sub- stantial decrease and the condensing efficiencies of three sections all 

decreased about 0.1–0.2 because of the enhancing inhibition. The dis- tribution of condensing efficiency 

indicated that increasing N2 flow rate exhibited a significant inhibition on the total recovery of liquid prod- 

ucts. The flow rates lower than 300 mL/min mainly decreased the re- covery effect of top section, and the 

inhibition phenomenon in the whole condensing field was eventually observed after the flow rate was further 

improved. 

 

 

 

 

 

  3.2. RVP evolution of representative components at different sweeping gas flow rates 

3.2.1. Water 

Water was the most widespread component in the pyrolysis products of lignocellulosic biomass. The bio-oil 

with high moisture was usually produced by traditional biomass pyrolysis liquefaction technology, which 

brought a series of difficulties for the application and refinement of bio-oil. Hence, the separation of water 

from biomass pyrolysis vapors during liquefaction was the important mission of selective condensation [23]. 

Water belonged to the component hard to condense among the detectable components and exhibited the 

weakest condensing ability in the representative components. As shown in Fig. 3, the recovery rates of RVP 

evolution curves of water all presented the tendency of rise first and then fall along with condensing field at 
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three N2 flow rates. The consistent tendency was attributed to the poor condensing ability of water. The 

recovery of water was slowed at the vapor inlet with insuf- ficient heat and mass exchange but increased with 

moving pyrolysis vapors in the condensing field due to the constantly accumulated chances of heat and mass 

exchange. However, the relative proportion of non-condensable components gradually increased as pyrolysis 

vapors moved to the middle and bottom of condensing field, which weakened the heat and mass exchange 

between water and condenser. 

 

When N2 flow rate increased from 100 mL/min to 300 mL/min under 340 K water bath, the initial recovery 

rate of water at the vapor inlet decreased from 0.23%/mm to 0.12%/mm and the final RVP of water at the end 

of condenser increased from 15% to 25%. Within 0–120 mm of condensing field, the two curves of recovery 

rates approximately kept parallel under 100 mL/min and 300 mL/min. The maximal recovery rate under 100 

mL/min was observed at 140 mm away from the inlet of condensing field, whereas the location of the maximal 

recovery rate was delayed to 180 mm under 300 mL/min. After 175 mm, the recovery rate under 300 mL/min 

began to exceed the value under 100 mL/min because of the lower relative proportion of constant non-

condensable components in the condensing field. When N2 flow rate increased from 300 mL/min to 500 

mL/min, the changeless recovery rate at the vapor inlet indicated that the inhibition of increasing N2 flow rate 

on the water recovery of top condensing field was approximately saturated under 300 mL/min, and thereby 

the evolution curve in the top under 500 mL/min was coincident with the curve under 300 mL/min. After the 

mixture vapors entered the middle condensing field, the relatively serious inhibition on water recovery was 

observed under 500 mL/min and the maximal recovery rate was merely 0.23%/mm that was about 0.7 times 

as much as the peak value under 300 mL/min. Therefore, the final RVP of water under 500 mL/min was 1.6 

times and 2.7 times as much as the final values under 300 mL/min and 100 mL/min, respectively.With 

increasing N2 flow rate in 285 mm vertical tubular condenser, the inhibition of the thickening layer of non-

condensable components on water recovery reached saturation first in the top of condensing field, and the 

main section affected by this inhibition was transferred from the top and middle to the middle and bottom. 

For this reason, the RVP evolution curve of water under 300 mL/min decreased more slowly than that under 

100 mL/min before 60% of the whole condensing field, while the curve under 500 mL/min decreased more 

slowly than that under 300 mL/min after 30% of the condensing field. At 340 K water bath temperature, the 

liquefaction and recovery of water were effectively reduced by promoting sweeping gas flow rate, which 

effectively decreased bio-oil moisture and achieved the online partial separation of water from organic 

compounds. 

  3.2.2. Acetic acid 
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Acetic acid accounted for a large proportion in the traditional py- rolysis liquefaction products of walnut shells 

that profoundly affected the bio-oil properties as well as the separation of high value-added components [24]. 

Although acetic acid presented a slightly stronger condensing ability than water, the actual recovery of acetic 

acid in the first condenser was lower than that of water. This finding possibly resulted from the adherence of 

some organic components on the condenser wall during the bio-oil transfer process from condenser to liquid 

storage tank. As a high-content component, acetic acid showed a stronger adhesion and the total mass of 

acetic acid in the recovered bio-oil was lower than the actual situation, which had been reported in our works. 

Therefore, the final RVP of acetic acid (Fig. 4) remained at about 40% under 100 mL/min and this value 

increased with increasing N2 flow rate. Between acetic acid and water, the similar recovery rates in top section 

but the different recovery rates in middle and bottom section indicated that the primary adherence possibly 

occurred in the middle or bottom of condensing field. Generally, the bio-oil with low moisture was apt to 

adhere to wall because of large viscosity, but our previous study also found the serious adherence of bio-oil 

when high moisture led to the stratification of oil and water phases. In the present study, the moisture in the 

bio-oil recovered by the top was always maintained at 20 wt.% that provided good fluidity and 

homogeneousness for bio-oil, whereas the bio-oil recovered by the bottom exhibited a more visible stratifica- 

tion due to the moisture higher than 30 wt.%. Thus, the main reason for the high final RVP of acetic acid was 

the more serious adherence of acetic acid on the bottom wall.As N2 flow rate increased from 100 mL/min to 

300 mL/min, the initial recovery rate of acetic acid was less than 0.10%/mm and the descent speed of 

evolution curve was slowed significantly. Although the total heat exchange of pyrolysis vapors increased with 

their movement in the condensing field, the maximal recovery rate of acetic acid merely reached to 0.21%/mm 

at the end of condenser, which was still less than the maximal recovery rate in the middle of condensing field 

under 100 mL/min. After the mixture vapors went through the first condenser under 300 mL/min, 55% of 

acetic acid remained vapor that was 1.4 times as much as the final RVP of acetic acid under 100 mL/min. 

 

Different from water, however, the RVP evolution curve of acetic acid was not further slowed but improved 

under 500 mL/min, and the initial recovery rate increased to 0.15%/mm. This phenomenon was because the 

disturbance of streamline was accelerated by 500 mL/min N2, thus promoting the molecular collisions in 

pyrolysis vapors and improving the efficiency of heat and mass exchange during condensation. This 

improvement was relatively small and showed little effect on water with the weakest condensing ability, but 

the organic components with stronger condensing abilities than water could be affected effectively. Since the 

condensing ability of acetic acid was slightly higher than that of water, the final RVP of acetic acid under 500 

mL/min only decreased about 5% from the final value under 300 mL/min. The recovery of acetic acid would be 

inhibited by increasing sweeping gas flow rate, but the recovery of acetic acid under the con- dition of large 

flow rate was improved since the increasing disturbance of streamline promoted the intensification of heat 

and mass exchange of pyrolysis vapors. Overall, due to the relatively weak condensing ability, the total 
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recovery of acetic acid under 500 mL/min successfully   decreased about 10% in comparison with the result 

under 100 mL/min. Increasing N2 flow rate to 500 mL/min could still be regarded as an effective method for 

the separation of acetic acid from pyrolysis vapors. 

  

 3.2.3. Furfural 

As listed in Table 2, the total content of water and acetic acid was far higher than the total content of other 

organic compounds, which demonstrated that water and acetic acid belonged to high-proportion components 

while other detectable compounds belonged to low- proportion or trace-proportion components in walnut 

shell pyrolysis vapors. The comparison for evolution mechanisms was impractical be- tween high-proportion 

and low-proportion components because of the considerable difference in their heat and mass exchange 

methods. Furfural was a component with weak condensing ability in the detectable low-proportion 

components. As the water bath temperature of the first condenser was set at 340 K, the final RVP of furfural in 

Fig. 5 was still more than 65% under 100 mL/min N2 flow rate despite the macroscopical remarkable recovery 

of pyrolysis vapors. The high RVP of furfural indicated the recovery of furfural was considerably incomplete 

because of its weak condensing ability. Under 100 mL/min, the recovery rate of furfural was 0.15%/mm at the 

vapor inlet but it did not exhibit an upward tendency with the movement of pyrolysis vapors in the condensing 

field. This result implied that the furfural recovery was not improved during the development of the total heat 

and mass exchange of mixture vapors possibly due to the existence of other factor affecting the condensation 

of furfural during indirect heat exchange rather than condensing ability. Previous investigation proved that 

furfural would present higher solubility in the liquid containing abundant acetic acid [25].

 

In the present study vapors are moving in the condensing field, the recovery of furfural decreased slightly  with  

increasing  relative  proportion  of non-condensable components. When N2 flow rate increased to 300 
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mL/min, the initial recovery rate of furfural also decreased to 0.08%/mm with the substantial reduction of the 

initial recovery rate of acetic acid. The increasing proportion of non-condensable components inhibited the 

furfural recovery at the end of condensing field despite the high recovery rates of acetic acid. Thus, the 

recovery rate of furfural also showed a slightly downward tendency under 300 mL/min. As N2 flow rate was 

set as 500 mL/min, the furfural recovery was significantly improved by the increasing recovery rate of acetic 

acid and the enhancing heat and mass exchange caused by high-frequency disturbance. The final RVP of 

furfural under 500 mL/min was consistent with that under 100 mL/min. Under the three N2 flow rates, the 

recovery rates of furfural evolution curves all exhibited narrow variations and the maximal recovery pro- 

portion of furfural was no more than 35%. As a high value-added component, furfural needed to be recovered 

more adequately. Signifi- cantly, 500 mL/min N2 flow rate effectively inhibited the water recovery and 

improved the furfural recovery to the result achieved by 100 mL/ min, which provided convenience for the 

separation and purification of furfural. Therefore, the small decline of water bath temperature for the 

condenser used to enrich furfural could further promote the furfural recovery with maintaining 500 mL/min 

N2 flow rate. Meanwhile, a condenser at higher water bath temperature for separating the compo- nents with 

strong condensing abilities could be set in front of the condenser used to enrich furfural, which would also 

reduce the complexity of purifying furfural from bio-oil.  

3.2.4. MCP 

MCP was universally applied in food production and processing as a flavoring agent, and it presented the 

properties of olefin, carbonyl and hydroxyl together [26]. Hence, the condensing evolution mechanism of MCP 

was valuable to be studied despite the common content of MCP less than 1 wt.% in bio-oil (Fig. 6). According 

to the boiling point distribu- tion of detectable components at normal atmosphere, MCP belonged to the 

component with middle condensing ability in all discussed components and exhibited a stronger condensing 

ability than furfural. The final RVP value of MCP was higher than that of furfural under each N2 flow rate. 

However, the initial recovery rate of MCP was no more than 0.04%/mm that was merely approximate to the 

half of the minimal initial recovery rate of furfural. This finding was probably because the trace-proportion 

MCP in walnut shell pyrolysis vapors get little oppor- tunity for heat and mass exchange in the top of 

condenser where the pyrolysis vapors contained abundant condensable components under the present 

condition of condensation. After the vapors moved to the middle of condensing field, the recovery rates of 

high-proportion com- ponents began to decrease whereas MCP exhibited a continuous increase in recovery 

rate because it was weakly affected by increasing non-condensable proportion by virtue of stronger 

condensing ability.Under 100 mL/min, the recovery rate of MCP was about 0.04%/mm at the vapor inlet and 

gradually increased along with condensing field and reached the peak value of 0.32%/mm at the end of 

condensing field. The recovery proportions of MCP were 5%, 20% and 30% in the top, middle and bottom of 

condenser, respectively. As N2 flow rate was improved to 300 mL/min, the initial recovery rate of MCP 

decreased to 0.015%/mm and the peak value of recovery rate decreased to 0.24%/ mm due to the influence of 

increasing constant non-condensable pro- portion. In comparison with the result under 100 mL/min, the 

recovery proportions of MCP in the three sections all decreased by about half under 300 mL/min and the final 

RVP of MCP increased from 45% to 70%. After the N2 flow rate was further improved, the initial recovery rate 

was changeless but the ascensional range of recovery rate under 500 mL/min was far broader than that under 

300 mL/min. The endmost recovery rate was 1.5 times as much as the value under 300 mL/min, which 

indicated that the improvement effect of 500 mL/min N2 flow rate on MCP recovery was concentrated at the 

end of condensing field. As described in the evolution curves of MCP, the recovery proportions of top and 

middle varied negligibly but the bottom doubled the recovery proportion when N2 flow rate increased from 

300 mL/min to 500 mL/ min. The evolution curves of MCP revealed that the condensing priority of trace-

proportion component was lower than that of high-proportion component in the condensing field under 340 K 

water bath but the trace-proportion component with stronger condensing ability was still recovered effectively 

in the bottom of condenser. Likewise, the high- frequency disturbance successfully improved the recovery of 

MCP under 500 mL/min flow rate. Nevertheless, 340 K water bath tempera- ture showed a good recovery 
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effect on water and specially the final RVP of water was less than 20% under 100 mL/min. If the recovery of 

MCP was required to be further strengthened, especially the improvement of its initial recovery rate, the 

recovery effect of condenser on high- proportion components with poor condensing abilities must be reduced. 

An appropriate increase in the water bath temperature outside the condensing field would effectively inhibit 

the recovery of high- proportion components and provide more opportunities for the heat and mass exchange 

of trace-proportion components with strong condensing abilities. 

 

 

 3.2.5. Phenol and catechol 

Generally, walnut shells contained more than 50 wt. % lignin, and large amounts of phenolic compounds and 

pyrolytic oligomers were generated during the pyrolysis of abundant lignin [27]. As representative small-

molecule phenolic compounds, the phenol and catechol (phenols) in walnut shell pyrolysis vapors were 

essential ingredients for medicine and chemical. At normal atmosphere, the boiling points of phenols were 

higher than that of furfural and the pure phenols showed stronger condensing abilities. Meanwhile, phenol or 

catechol also belonged to the trace-proportion component in walnut shell pyrolysis vapors. Therefore, the 

evolution curves for the RVP and recovery rate of phenols were consistent with those of MCP under 100 

mL/min. The final RVP of phenols in Fig. 7 was slightly lower than that of MCP in 340 K condensing field, which 

proved phenols presented a stronger total condensing ability. In the composition of phenols, phenol exhibited 

a weaker condensing ability than MCP whereas the condensing ability of catechol was stronger than that of 

MCP. The above results indicated catechol dominated the total condensing ability of phenols under the 

present condition of condensation. However, the evolution curve of phenols varied differently from MCP after 

N2 flow rate increased. Under 300 mL/min, the recovery rate of phenols changed negligibly at the vapor inlet 

but decreased with the movement of pyrolysis vapors, and thereby the final RVP of phenols increased from 40 

to 80%. This phenomenon proved that the extra inhibition effect on the recovery of phenols existed in the 

middle and bottom of condensing field under 300 mL/min. The investigation of Busca et al. reported that the 

azeotrope with weaker condensing ability was generated by the combination of water and phenol-structure 

com- pound [28]. The significant heat and mass exchange under 100 mL/min led to the sufficient recovery of 

water, phenols and their azeotrope together, while the decreasing heat and mass exchange under 300 mL/min 

was insufficient to recover the phenols because the generation of azeotrope was improved with ascending 

water in the mixture vapors. When N2 flow rate was 500 mL/min, high-frequency disturbance promoted the 

recovery of phenols and azeotrope and improved the recovery rate of phenols in the bottom of condenser. At 

the end of condensing field, the recovery rate of phenols under 500 mL/min was 3 times as much as that under 

300 mL/min and the final RVP of phenols decreased from 80% to 65%. The evolution of phenols indicated that 

azeotropy also affected the competitive liquefaction process of biomass pyrolysis components based on their 
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condensing abilities. The desired recovery of high-boiling component demanded to strength the heat and mass 

exchange be- tween condenser and pyrolysis vapors when the target high-boiling component and low-boiling 

component formed the azeotrope with weaker condensing ability. The recovery under 100 mL/min was 

seldom influenced by azeotrope because of the sufficient condensing recovery of the overall pyrolysis vapors,  

but increasing azeotrope and decreasing heat and mass exchange synergistically decreased the recovery of 

target component under 300 mL/min. Fortunately, 500 mL/min sweeping gas flow rate increased the 

disturbance of condensing field and improved the recovery of azeotrope. 

 

3.2.6. Guaiacol and its derivatives 

Guaiacol and its derivatives (guaiacols containing 4-methyl guaiacol, 4-ethyl guaiacol, eugenol, syringol and 

vanillin) were high-boiling and large-molecule phenolic compounds in the detectable components of walnut 

shell pyrolysis vapors. As important fine chemical intermediates guaiacols could be utilized to synthesize flavor 

and medicine [29–31]. The content of each component of guaiacols was approximate to or more than 1 wt.% 

in all segmental bio-oil and the total content of detectable guaiacols was always approximate to or more than 

5 wt.%. Hence, guaiacols belonged to the low-proportion component in the pyrolysis vapors. The boiling points 

of guaiacols ranked first in the discussed components and thereby guaiacols  presented considerably strong 

condensing abilities. In Fig. 8, the recovery rate of guaiacols under 100 mL/min was 0.18%/mm at the vapor 

inlet and exhibited a tendency of rising first and then falling along with condensing field. But the significant 

recovery of guaiacols at the vapor inlet limited the ascensional range of recovery rate because of their stronger 

condensing abilities and larger proportions in pyrolysis vapors than trace-proportion MCP and phenols. When 

N2 flow rate increased to 300 mL/min, the recovery rate of guaiacols decreased to 0.15%/mm at the vapor 

inlet and reached the peak value in the top of condensing field. As the relative proportion of non-condensable 

components increased in the condensing field, the re- covery rate slightly decreased to 0.12%/mm at the end 

of condenser.  
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The final RVP of guaiacols increased from 40% to 60%, but which was still higher than the final values of 

furfural, MCP and phenols under 300 mL/min because of the strong condensing abilities. Under 500 mL/min, 

the initial recovery rate decreased in comparison with that under 300 mL/min but the enhancing disturbance 

promoted the recovery of guaiacols in the middle and bottom of condensing field. The recovery rate reached 

the peak value of 0.21%/mm at 200 mm away from the vapor inlet under 500 mL/min whereas the same peak 

value occurred at 150 mm under 100 mL/min. The adjacent positions of peak value indicated that the recovery 

effect of condensing field on guaiacols under 500 mL/min was consistent with that under 100 mL/min. The two 

recovery curves of guaiacols under 100 mL/min and 500 mL/min primarily kept parallel in middle and bottom 

sections and the final RVP decreased to 45% under 500 mL/min. Guaiacols presented the strong resistance to 

the inhibition of heat and mass exchange. At 340 K water bath temperature, the recovery rates of guaiacols 

with sufficient heat and mass exchange were maintained between 0.18 and 0.21%/mm under 100 mL/min 

while the decreasing recovery rates with poor heat and mass exchange were still maintained between 0.12 

and 0.15%/mm under 300 mL/min. However, the recovery rate showed a significant upward tendency along 

with condensing field when 500 mL/min N2 flow rate improved the condensation of pyrolysis vapors in the 

middle and bottom sections. The evolution results of guaiacols indicated that the heat and mass exchange 

enhancement under 500 mL/min could completely achieve the remarkable recovery effect of guaiacols, and 

simultaneously separate 20% of water and 10% of acetic acid from the recovered liquid products. 

 

4.CONCLUSION:  

The appropriate increase in N2 flow rate reduced the moisture content of the bio-oil and enhanced the 

amount of organic compounds present by raising the condensing field's high-frequency disturbance. The 

condensable component's characteristics determined the incremental quantity. The final remaining vapor 

percentage of acetic acid with poor condensing capacity only fell from 55% to 50% when the N2 flow rate rose 

from 300 mL/min to 500 mL/min, whereas the final remaining vapor proportion of guaiacol and its derivatives 

with good condensing ability decreased from 60% to 45%. Furfural's excellent solubility in high-content acetic 

acid allowed for a notable recovery at the vapor inlet despite its poor condensing capacity. Because of the 

azeotrope formation between water and phenol-structure compounds, the recovery of phenol and catechol 

was significantly reduced in the middle and bottom of the condensing field. 
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