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Abstract 

 Lignin from renewable sources such as corn residue and grasses can produce a diverse 

range of products from food grade cellulose to fine chemicals such as vanillin and p-

hydroxybenzaldehyde (pHB). Isolating the individual components from a depolymerized lignin 

mixture is a difficult task. The objective of this work is to experimentally demonstrate one route 

to isolate and crystallize vanillin and pHB utilizing chromatography followed by a supercritical 

antisolvent (SAS) process. For method development, simulated mixtures of vanillin and pHB 

that are typical of those obtained from fast ozonolysis of lignin solution were employed. Such 

mixtures were loaded onto a chromatography column comprised of a 500 mL silica gel bed and 

eluted using acetic acid (AcOH) in toluene solvent gradient.  At optimal conditions (a solvent 

gradient of 15 to 45% v/v % AcOH in toluene and flow rate of 15.1 ± 0.1 mL/min), 98.5 ± 2.0% 

of vanillin and 91.1 ± 1.3% of pHB were recovered in separate fractions. To demonstrate the 

formation of dry powders of vanillin and pHB using SAS process, model solutions of vanillin or 

pHB in ethyl acetate (EtOAc) solution were sprayed into a high-pressure vessel containing a 

supercritical fluid (SCF). The SCF selectively removes the solvent from the solution droplets, 

precipitating the solute which is retained in the vessel by a fine filter. At the end of spraying, the 

solvent is eluted from the vessel using a flowing stream of pure SCF.  The crystallized solids 

were then recovered from the vessel and analyzed using Differential Scanning Calorimetry 

(DSC). Three SCFs, CO2 (Pc = 7.382 MPa, Tc = 31.04°C), ethane (Pc = 4.872 MPa, Tc = 

32.17°C), and ethylene (Pc = 5.041 MPa, Tc = 9.19°C) were tested. Predicted critical loci of the 

binary mixture of each of these SCFs with ethyl acetate displayed a maximum in the mixture 

critical temperature.  By operating the chamber above this maximum, a single fluid phase in the 

chamber (in addition to the solid phase) is ensured. While all three SCFs were successful in 
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crystallizing vanillin and pHB, the solid yields were highest in the case of ethylene. At the higher 

supercritical operating temperatures required for CO2 and ethane, the aromatic aldehydes 

increasingly partition into the SCF+solvent phase decreasing the solid yields.  Ethylene with the 

lowest critical temperature among the tested SCFs, enabled operation at room temperature and 

milder pressures of 6.9 MPa and yielded the highest recoveries of vanillin (74.8 ± 0.9 %) and 

pHB (50.8 ± 1.4%) from the vessel. The solute that escapes from the vessel in the SCF phase is 

partly recovered (~20%) in the condensed solvent.  DSC melting point profiles of the starting 

materials and precipitated solids overlap, confirming that the precipitated solids are pure. These 

results establish that column chromatography is a viable method to separate vanillin and pHB as 

separate solvent streams and that the SAS technique is a fast process to obtain dry crystalline 

powders of pHB and vanillin from their solutions. The results also pave the way for further 

process optimization and scaleup.  
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1 Introduction, Literature Review and Objectives 

1.1 Corn Lignin as a Sustainable Source of Vanillin and p-Hydroxybenzaldehyde 

Vanillin is a globally recognized flavor that is present in numerous household foods from 

ice cream to chocolate.1 To date, nearly 85% of vanillin demand is supplied by petroleum based 

guaiacol, 14% by lignin, and <1% by natural vanilla bean extracts shown in Figure 1.1.2 Vanillin 

demand is expected to grow at an annual rate of 5.5%3 necessitating expansion of plant 

capacities. With a global trend towards sustainability and reducing petroleum-based products, the 

demand for alternative feedstocks and bio-based consumer products is increasing.4,5  

 

Approximately 400 million tons of corn residue are produced in the US each year with a 

lignin content of roughly 4 million tons.6,7 Kansas, being a top 10 corn producer at 21 million 

tons of corn residue per year,8 is positioned to significantly benefit from diversifying chemicals 

produced by the corn industry beyond ethanol. Corn plant residue that is not utilized for making 

ethanol or other applications is a good source of soil nutrients and can partly offset the cost of 

synthetic fertilizer from lost nutrients.9 Up to 50% of corn residue can be sustainably harvested 
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Figure 1.1: Left, projected market growth of vanillin. Right, market share of vanillin produced 

by synthetic, lignin, and natural sources. 
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to be processed into lignin. The remaining corn residue represents a sustainable source of 

cellulose, hemicellulose, and lignin that offers other sources of revenue with increased value. 

Lignin is a well-known product of hydrolyzed plant matter,10 but not well understood.11 It 

is a complex biopolymer, composed of monomeric units such as those shown in Figure 1.2, that 

can be processed into many different products such as specialty chemicals12 and resins.13–15 Kraft 

lignins from the paper industry16 have been the focus of oxidation studies aimed at producing 

value-added chemicals. One such product is vanillin. During the past two decades, there has been 

increased interest in depolymerizing lignins from other sources such as bagasse and wheat to 

make value-added products and enhance the profitability of biorefineries that utilize these 

sources to make primary products such as bioethanol. In previous papers by the Subramaniam 

research group17,18 it has been shown that Acetosolv processed corn residue is a viable source  of 

lignin that can be oxidatively depolymerized (using ozone) to yield vanillin and p-

hydroxybenzaldehyde (pHB) along with other low-molecular products (<1000 Da) while keeping 

the molecular weight distribution of the remaining lignin virtually intact for further 

valorization.19,20 In addition to their use as flavoring agents, the aromatic aldehydes may also be 

used as substitutes for petroleum-based phenol to make resins from the remaining lignin.14 

Figure 1.2: The three main repeating units of grassy lignins amorphous 

polymeric structure. The ratio of H:G:S units depends on the source of lignin.19,21 
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Separating and purifying these value-added components is a difficult task and requires multiple 

steps involving specialized separation techniques.21 Creating a continuous method of monomer 

purification is desirable for increasing throughput and reducing production cost. Vanillin and 

pHB are of particular interest as they command significantly higher prices than lignin.22 Vanillin 

and pHB can serve as a sustainable synthetic flavorings and platform molecules for 

pharmaceuticals.23,24 pHB can also be converted to p-hydroxybenzoic acid (by the Cannizzaro 

reaction25,26), where it becomes useful as a precursor for the manufacture of LCD screens. 

Literature reports indicate that separating vanillin from pHB and other similar aldehydes 

prefer either a chemical modification or distillation to chromatography.27,28 Chromatography is 

typically considered only for preparative scale in a laboratory but it can in some instances be 

scaled up. An example is the successful scaleup of column chromatography using simulated 

moving bed (SMB) systems to produce larger fractions of value-added components. 

Chromatography and SMB offer exceptional purity and good separation when tuned properly.29 

They allow the solvent (used in the separation) to be recycled and the stationary phase can be 

regenerated to minimize costs. Once separated, the vanillin and pHB must be recovered from 

their solutions as crystals. For accomplishing this, certain supercritical fluids (SCFs)30 can be 

Figure 1.3: Schematic of the proposed steps to produce purified vanillin 

and pHB from grass lignins. 
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used as antisolvents to rapidly crystallize solutes from solution based on their tunable solubilities 

in SCFs.31 This crystallization process is termed as the Supercritical Antisolvent Process or SAS. 

For the separation scheme shown in Figure 1.3, the use of benign solvents and being 

resource efficient (i.e., conserving solvent and energy use) are essential to promote economic 

viability and overall sustainability. Considering these constraints, the overarching goals of this 

thesis are to demonstrate laboratory-scale methods for (a) separating vanillin and pHB as pure 

streams from the oxidized lignin solution using column chromatography, and (b) to crystallize 

vanillin and pHB from the separated streams in pure form using SAS process. The results from 

these studies are essential to perform reliable economic and environmental impact analysis of the 

entire process. 

1.2 Literature Review 

1.2.1 Lignin and Vanillin 

Figure 1.4: The three main building blocks of lignin and their oxidized monomers. p-Coumaric 

acid (H), Ferulic acid (G), and Sinapinic acid (S). 



5 

 

 Lignin contains many different organic polymeric structures that make up cell walls in 

woody and fibrous plants.32 The polymers are built of phenolic monomers and form a 

heterogenous crosslinked structure that provide strength to plants and enable them to grow 

against gravity.11 The exact structure of lignins depends greatly on the plant source and method 

used to recover them. The most common building blocks of lignin are p-coumaric acid (H), 

ferulic acid (G), and sinapinic acid (S) units shown in Figure 1.4. These units are held together 

by ether (-O-) links and C=C bonds.  When the lignin structure is oxidatively depolymerized in a 

controlled manner, the HGS units are released in various monomeric forms, such as H into pHB, 

G into vanillin, and S into syringaldehyde shown in Figure 1.4. These are just a few examples of 

the potential value-added products from lignin. 

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is a phenolic aldehyde with a 3 substituted 

methoxy group33 and is the main flavonoid in vanilla flavoring. It is among the flavors directly 

regulated by the FDA with stringent guidelines on how consumer goods can be marketed based 

on the production and source of vanillin. There are three classifiers for vanillin to be sold: natural 

vanillin, natural flavor, and synthetic, each of which commands significantly different prices. 

Natural vanillin can only be extracted from cured vanilla beans and is sold at roughly $1,800 per 

kg.4 Natural flavor, or just vanillin, is any method that uses natural means to synthesize vanillin, 

such as fermentation and non-catalytic/oxidative routes.23 Natural vanillin sells from $50-250 per 

kg depending on the process and quality. Synthetic vanillin encompasses all vanillin that cannot 

fit into the above labels.  Depending on the process, this vanillin can be sold for $9-30 per kg. To 

be marketable, vanillin must be >97% purity for technical applications and >99.5% for food 

flavoring.34  The vanillin considered in this work falls in the synthetic vanillin category, as the 

use of ozone as an oxidizing agent disqualifies its labeling as natural vanillin, even though it is 
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sourced from a renewable naturally occurring feedstock.  However, it is expected that consumers 

may yet prefer a sustainable rather than a petroleum source for making vanillin. 

1.2.2 Industrial Methods to Produce Vanillin 

Vanillin was first isolated from vanilla beans in the mid 1800’s and has since boomed in 

popularity with a global yearly production of 26,000 metric tons in 201935 and a projected 

growth of 8%. This demand is largely met by synthetically produced vanillin. The oldest 

production method that is still in use is the Guaiacol synthesis route.23 This process formylates 

guaiacol and its derivatives into vanillin and iso-vanillin in the presence of a superacid. Vanillin 

from guaiacol is considered ‘synthetic’ and mainly produced in China by Solvay and Merck. To 

separate and purify vanillin from the guaiacol reactants, a series of distillation, extraction and 

crystallization steps are involved. In a patent licensed to Rhodia36 (subsidiary of Solvay), the 

inventors use a water wash, then a liquid-liquid extraction (LLE) under basic conditions. These 

steps remove some of the impurities prior to gas stripping of the residual reactants and vanillin 

crystallization in acidic conditions. The final vanillin purity from this process is 98.5% with 35% 

recovery of purified vanillin relative to vanillin present in the crude stream. 

Figure 1.5: The Borregaard process (derived from the Howard process37) 

oxidizes sulfonated lignin over a copper salt catalyst. Vanillin is then reacted 

with sulfurous acid to form an adduct before extraction and purification 
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 Growing desire for sustainability is the main driver to seek different methods of 

production. Borregaard has been producing vanillin at its Sarpsborg (Norway) facility since the 

1950’s.38 They are the largest commercial producer of vanillin from lignin, specifically soft 

wood lignin, oxidized over a copper catalyst. To isolate vanillin from the lignosulfonate 

liquor,28,39, a byproduct of the pulp and paper industry, extraction with a base is followed by 

treatment with sulfurous acid to form the vanillate adduct (Figure 1.5).  This product is then 

neutralized, vacuum distilled and recrystallized. While the vanillin from this process is also 

considered ‘synthetic’, it is derived from sustainable wood instead of petroleum. As the 

consumer mindset shifts towards sustainably produced goods, there will be a bigger market pull 

to produce vanillin from other lignins and replace guaiacol-based vanillin which is currently 

derived from fossil sources.  

1.3 Chromatographic Separation 

Chromatography is an indispensable tool in analytical40 and preparative chemistry41. It 

has a wide range of applications that utilize the three main chromatography methods, gas 

chromatography (GC), high-performance liquid chromatography (HPLC), and column 

chromatography. GC and HPLC are versatile methods for chemical analysis because of their 

ability to tune temperature ramp, mobile phase composition and flow rates to optimize 

separation, resolution, and speed.42 Common uses include fragrance analysis,43 alternative fuel 

analysis.44 headspace sampling,45 and natural extracts analysis.46 Column chromatography is 

primarily used for preparative chemistry because it can handle larger volumes and faster flow 

rates to process larger quantities of the samples to be separated. All three methods use the same 

general principle of a mobile phase that carries the solute to be analyzed or isolated and a 
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stationary phase that attracts the solute and elutes it selectively. The following section discusses 

the basics of creating a column chromatography scheme and applications thereof. 

1.3.1 Thin Layer Chromatography (TLC) 

TLC is used in finding a suitable column chromatography system47. It allows for rapid 

screening of mobile and stationary phases using small paper, glass or metal plates with the 

stationary phase deposited.48 TLC is performed by spotting the desired solutes to be partitioned 

on the TLC plate with a volatile solvent and allowing the mobile phase to elute up the plate by 

capillary action represented in Figure 1.6.49 If the mobile phase has sufficient attractive force on 

the solute to overcome the stationary phase, the solute will travel up the plate. The difference in 

mobility of the solutes and mobile phase is described as the retention factor (Rf).  

𝑅𝑓 =  
𝑆𝑜𝑙𝑢𝑡𝑒 𝑇𝑟𝑎𝑣𝑒𝑙 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑐𝑚)

𝑆𝑜𝑙𝑣𝑒𝑛𝑡 𝑇𝑟𝑎𝑣𝑒𝑙 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑐𝑚)
(𝐸𝑞 1.1) 

An Rf value of ~ 0.3-0.7 is desirable for the solutes in the system to perform well when 

scaling to a column. This screening technique is fast and gives reliable insight into column 

chromatography performance without the use of column packing and large volumes of solvents. 

 

Rf = 0.2 Rf = 0.4 Rf = 0.6 

Solvent Front Distance 

Figure 1.6: Representation of a typical TLC plate. The solutes are spotted on a line above the 

solvent reservoir and eluted up the plate. Their distance is measured from the line to the center of 

the final dot. The solvent distance is measured from the bottom of the plate to the end of its 

elution. 

Solute Start 
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1.3.2 Column Chromatography 

  

Scaling up from TLC to column chromatography requires knowledge of packing 

materials and how they affect separation. Normal and reverse phase column chromatography 

packings partition by polarity.50 Normal phase chromatography involves a polar stationary phase 

and a non-polar mobile phase such that the first eluent is the least polar and the later eluents 

increase in polarity (Figure 1.7). The converse is true with reverse phase columns. Other types of 

packings include resins, ion exchange, and size exclusion materials.51 The solvent system 

polarity determines the rate at which molecules elute from the column. By tuning the polarity, 

the mobility of the solute can be changed dramatically. This is important for separating two 

compounds, by causing them to elute either at the same time or to stay bound to the packing 

material for different times to effect separation. Lab scale chromatography can be done in as 

small as a 9” long pipette up to a 2” diameter x 16” long flash column with different types of 

packing materials. The most common laboratory packing material is silica gel for normal phase 

and C18 functionalized silica for reverse phase. 

Various types of column chromatography techniques have been applied to separating 

vanillin from depolymerized lignin solutions. A common challenge with isolating the aromatic 

Figure 1.7: Representation of normal phase column chromatography on silica gel. The red polar 

solute is tightly bound to the polar silica surface while the blue nonpolar solute freely elutes with 

the low polarity solvent.  

Solvent Flow 
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aldehydes (vanillin and pHB) produced from lignin is the number and complexity of steps due to 

the similar chemistry of these monomers. Two types of chromatographic separations have been 

reported for fractionating oxidized kraft lignin.   Gomes et al.52,53 used a resin bed to separate 

using column chromatography. Vanillin from a filtered, alkaline, oxidized Kraft lignin solution 

was adsorbed onto the SP700 resin. It was then desorbed by water, then ethanol which removed 

the least, and most polar compounds, respectively. While this method isolated vanillin and pHB 

from other compounds, it did not produce pure product streams of these two compounds. Mota et 

al.30 used resin-based column chromatography to perform a first separation followed by 

supercritical fluid chromatography (SFC) to provide a cleaner separation of the desired products. 

SFC will be discussed more in in a later section. 

Normal phase chromatography has been utilized to isolate lignin-derived vanillin from 

other products by several researchers. Vigneault et al.54 utilized flash chromatography over silica 

gel with ethyl ether (EE), hexane, and methanol mixture as mobile phase. The starting solution 

was a monomer rich fraction resulting from LLE and vacuum distillation of the product mixture 

from base catalyzed depolymerization of lignin that produces vanillin, catechol and 

syringaldehyde and derivatives of these three compounds. They concluded that flash 

chromatography was not suitable for the separation as many solute peaks overlapped when using 

EE in hexane as a solvent varying the gradient from 33%-75% followed by a methanol wash. 

They did however find that this system was able to fractionate dimers and trimers by desorbing 

with methanol. Zhao et al.55 used a combination of Sephadex G-10 resin and silica gel 

chromatography to fractionate the product mixture from base catalyzed depolymerization of 

wheat lignin. The Sephadex G-10 packing effects separation based on size exclusion and 

hydrodynamic volume which can be tuned by pH. They found that the best recovery and purity, 



11 

 

78.1% and 99.6%, of monomers occurred with a mobile phase pH of 10.5. This initial Sephadex 

resin separation removed a majority of HMW compounds with m/z over 250 analyzed by HPLC-

MS. To separate low molecular weight (LMW) monomers, they used silica gel chromatography 

with a variety of binary mobile phases using petroleum ether (PE), ethyl acetate (EtOAc), 

dichloromethane (DCM), ethanol (EtOH) and methanol (MeOH). They found that tuning the 

mobile phase polarity was important to increasing polarity by removing oligomers. PE in EtOAc 

was used to tune the polarity of the eluent, removing the most oligomers when using 0-50% PE 

in EtOAc.   Above this gradient, the increased polarity helped elute the desired monomers. 

1.3.3 Gradient Technique 

To optimize the separation of compounds, a gradient in individual solvent flows is 

typically used in HPLC method development.56 Gradient techniques in column chromatography 

reduce solvent use and also selectively remove solutes from the column (Figure 1.8). The basic 

form of column chromatography is isocratic elution where only one concentration of mobile 

phase (i.e., no gradient) is used. If this method is either not effective to remove solutes from the 

column or if the solute peaks overlap, a gradient may be used to tune the solute mobility. By 

tuning the polarity of the mobile phase (either increasing polarity or decreasing), the adsorbed 

Figure 1.8: Left, isocratic chromatography, solute peaks overlap due to similar polarities. 

Right, applying an optimized gradient can achieve separation by increasing the polarity 

strength of the mobile phase. 
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solutes from the column will elute faster because they will favor the mobile phase instead of 

sticking to the packing material, speeding up separation. This technique is used to improve 

separation57 focus solute bands, and remove slow eluting solutes. 

1.4 Supercritical Antisolvent (SAS) Recrystallization 

 Near the critical point, supercritical fluids (SCFs) display tunable density and transport 

properties (Figure 1.9).58   In the near-critical region, a fluid displays unusually high 

compressibility. Small changes in pressure can result in relatively large changes in the fluid 

properties.  For example, the density, heat capacity and transport properties of CO2 (Pc = 7.38 

MPa; Tc = 31.1 °C) can be varied from gas-like to liquid-like values by relatively small increases 

in pressure along near-critical isotherms as shown in Figure 1.9. Unique combinations of fluid 

properties (liquid-like densities and gas-like transport properties) can be realized at certain 

pressures along near critical isotherms (~ 0.9 – 1.2 Tc). 

Supercritical fluids (SCF) have been known since the 1800’s.59  Within the last four 

decades, their applications have been constantly expanding in the areas of supercritical fluid 

Figure 1.9: Variation of physicochemical properties of carbon dioxide near 

the critical point. Temperature for viscosity, density and Cp = 37 °C; 

Temperature for D11 = 50 °C.63  
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extraction (SFE),60 supercritical fluid chromatography (SFC),61 and supercritical antisolvent 

(SAS)62 process. The antisolvent properties of SCFs are of particular interest because they offer 

low temperature, rapid, continuous, high-throughput processing options for crystallizing solutes 

from solution.63–65 The gas anti-solvent process (GAS) was first introduced in 1989 by Gallagher 

et al.31 They found that expanding a solvent laden with solute in a SCF caused the solute to 

rapidly nucleate forming crystals that varied in size based on the pressure and rate of antisolvent 

addition. Now, there are many different processes that utilize the tunable antisolvent properties 

of SCFs such as rapid expansion of supercritical solutions (RESS)66 and precipitation with 

compressed antisolvent (PCA).  

  SAS processes are commonly used for making crystals of active pharmaceutical 

ingredients (APIs) that need specific particle sizes and are sensitive to mechanical and thermal 

stresses.67 The SAS process offer a safe, green alternative to traditional solvent recrystallization. 

CO2 is the most utilized SCF as it is abundant and is generally regarded as safe (GRAS) by the 

FDA for food related processing.68 Other common GRAS SCFs include water, ethane, and 

ethylene with their properties summarized in Table 1.1.  

Table 1.1: Critical Property Values of Common SCF69 
Fluid Tc (°C) Pc (MPa) ρc (g/mL) ω 

CO2 31.04 7.382 0.4682 0.228 

H2O 373.98 22.055 0.3220 0.3449 

C2H6 32.17 4.872 0.2067 0.1 

C2H4 9.19 5.041 0.2142 0.086 

 

An early method for processing depolymerized lignin by SCF was a SFE process 

patented by Klemola and Tuovinen70 to extract vanillin from oxidized Kraft lignin using 

supercritical CO2 (scCO2). They found that vanillin dissolved at 62°C and 22.0 MPa of CO2 
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(0.735 g/mL), with considerably lower solubilities compared to other products and impurities. 

By tuning the density of scCO2, they were able to concentrate vanillin from 56.2% to 88.0% by 

selectively removing heavy oligomers from the Kraft liquor. This early work laid the foundation 

for lignin processing with SCFs. Since then, many researchers have investigated 

depolymerization in SCFs to improve yield and reduce oxygen content.71,72 Research has also 

focused on the solubility of monomers in SCF for post-processing of depolymerized of lignin.73–

75  

Solubility of vanillin in SCFs is mainly a function of fluid density.74,76,77 As a gas is 

pressurized beyond its critical pressure (Pc) above its critical temperature (Tc), it will become a 

supercritical fluid and can have densities comparable to typical solvents (Figure 1.9).78 scCO2, 

for example can vary in density from 0.4 to 0.9 g/mL79. Pressure-tunable density is highly 

desirable for a range of applications such as polymerization,80 electrochemistry,81 and 

catalysis.82,83 Another interesting phenomenon of CO2 and other SCFs is their ability to dissolve 

and expand solvents. Gases at normal and elevated pressures generally obey Henry’s law of 

linear dissolution. When gases approach their Tc, Pc, and the solvent is easily dissolved in the gas 

the expansion becomes exponential resulting in over 100% expansion (∆𝑉) of the solvent,84–86 as 

defined by Eq. (1.2) and Figure 1.10. 
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∆𝑉(%) =  
𝑉(𝑃, 𝑇) − 𝑉(𝑃𝑜 , 𝑇)

𝑉(𝑃𝑜 , 𝑇)
 ∗ 100 (𝐸𝑞 1.2) 

 

 

The thermodynamic behavior of a binary SCF-solvent system has been classified under 

five different types of phase diagrams.87,88 Even a binary SCF system can have very complex 

phase behavior, so it is important to fully understand the system before experiments. The most 

common is Type 1 phase behavior where both components are fully miscible at all compositions 

and the critical locus is continuous between the pure mixture critical points. Validated by 

experimental data, it is possible to simulate the SCF-solvent phase behavior using well known 

equations of state and their corresponding stability criteria.89  

When a solid component is added to the binary SCF-organic solvent mixture, solid-

liquid-vapor (SLV) equilibrium must be considered.90,91 If the solid is soluble in the 

SCF+organic solvent phase, a homogenous system will form. If the solid is miscible in the 

organic solvent but has little or no solubility in the SCF solvent, it will precipitate from the 

mixture. In other words, if the solid solute was originally dissolved in a solvent, and the solvent 

0

500

1000

1500

2000

0 1 2 3 4 5 6

V
o
lu

m
e 

E
x

p
an

si
o
n

 (
%

Δ
V

)

Pressure (MPa)

Linear Region 

(Henry’s Law) 

Exponential 

Expansion 

Figure 1.10 Example of solvent volume expansion in a gas above and 

below its critical point (•). Data of ethyl acetate in ethylene is from 

Kordikowski et al.83 



16 

 

was then expanded using a SCF, the resulting system would involve two phases if the solid is 

insoluble and precipitates out of solution. This is the basis for the SAS process where rapid 

nucleation occurs as the solvent is selectively dissolved by the SCF causing the solute to 

crystallize. 

Particle micronization via crystallization with scCO2 as an antisolvent allows for 

reproducible crystal formation with increased surface area, as demonstrated by the Subramaniam 

group for making insulin microparticles.67,92  For particle micronization, ultrasonic energy is 

used to form droplets of drug solution. The scCO2 selectively extracts the solvent precipitating 

the drug. The effluent from the precipitation chamber is led to a second high-pressure vessel 

where the particles are separated from the solvent-laden scCO2. Collection vessel switching 

allows for continuous particle production. Demonstrated advantages include the continuous 

production of virtually solvent-free drug particles in a narrow size range and ease of process 

scalability to a commercial-scale crystallizer.  The crystallization is a function of diffusivity of 

the solvent into the SCF, the nozzle type and diameter, temperature, and pressure93–97.  A 

continuous SAS crystallization process is currently being practiced by CritiTech, Inc., Lawrence, 

KS (www.crititech.com) where kg/day of dry API powder can be produced in a continuous 

process.   

1.5 Thesis statement 

The specific objectives of this thesis are  

(a) To develop a flash chromatography-based method for separating vanillin and 

pHB-containing solvent fractions from a grass lignin solution treated in a 

spray ozonolysis reactor to selectively produce these compounds.  

http://www.crititech.com/
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(b) To obtain pure vanillin and pHB crystals from their solutions using the SAS 

process. 

Outcomes from this thesis will make available new separation and purification 

technologies for isolating vanillin and pHB from grass lignin.  Data from the demonstrated 

separation (Objective a) and purification (Objective b) processes are expected to guide the 

rational scaleup of these processes.   They will be useful to perform technoeconomic and 

environmental impact analyses to guide research and development aimed at commercialization. 
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2 Chromatography Separation 

This chapter describes the systematic investigations of various chromatographic techniques 

to separate vanillin and pHB mixed in solutions into streams containing only these components. 

First, TLC experiments using neat vanillin, neat pHB and their mixtures in various solvents are 

described.  The results from these experiments guide the initial choice of the solid phase and 

solvents used in scaled-up column chromatography. Successful separation of vanillin and pHB 

mixed in ozonized lignin solution is demonstrated with high product recoveries.              

2.1 Chemicals 

The chemicals used in this work are summarized in Table 2.1 along with their purities 

(where available) and suppliers. All chemicals were used as received. 

Table 2.1: Experimental Chemicals 

Chemical Name CAS Supplier 
Molecular 

Weight 

Acetic Acid, Glacial ≥ 99.7% 64-19-7 Fisher Chemical 60.05 

Acetone, HPLC ≥ 99.5% 67-64-1 Sigma Aldrich 58.08 

Ethyl Acetate, HPLC ≥ 99.9% 141-78-6 Fisher Chemical 88.11 

Ethyl Alcohol, ≥ 99.5% 64-17-5 Sigma Aldrich 46.07 

Ethyl Ether 60-29-7 Fisher Chemical 74.12 

Heptane, 99% 142-82-5 Sigma Aldrich 100.2 

Hexane, HPLC ≥ 98.5% 110-54-3 Fisher Chemical 86.18 

Methanol, HPLC ≥ 99.9% 67-56-1 Fisher Chemical 32.04 

Petroleum Ether, ACS 8032-32-4 Fisher Chemical  

Toluene, ≥ 99.8% 108-88-3 Fisher Chemical 92.14 

4-Hydroxybenzaldehyde, 98% 123-08-0 Sigma Aldrich 122.12 

Silica Gel-60 (230-400 mesh) 

≥ 99.5% 
7631-86-9 

Thermo 

Scientific 
60.08 

Vanillin, ≥ 97% 121-33-5 Fisher Chemical 152.15 

Carbon Dioxide ≥ 99.5% 124-38-9 Matheson 44.01 

Ethane ≥ 99% 74-84-0 Matheson 30.07 

Ethylene ≥ 99.5% 74-85-1 Matheson 28.05 

Nitrogen, Extra Dry ≥ 99.9% 7727-37-9 Matheson 14.01 
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2.2 Ozonized Lignin 

2.2.1 Acetosolv Process 

Corn residue is processed using the acetosolv process which is a variation of the 

organosolv process.98 The specific method used for producing the lignin in this work is described 

in an Archer Daniels Midland (ADM) report led by Dr. Tom Binder.99 This process has been 

scaled down and now utilizes corn cobs as outlined in previous work.17 Steffan Green, an MS 

student in the Subramaniam group, has successfully applied this modified Acetosolv process to 

extract lignin from corn cobs. The acetosolv process uses 70% aq. Acetic acid (AcOH) and 

H2SO4 to hydrolyze biomass into an acid soluble fraction containing hemicellulose and lignin, 

and an acid insoluble fraction of cellulose. The lignin, precipitated and filtered using an excess of 

water, is used for further processing via ozonolysis. 

2.2.2 Ozonolysis 

The isolated lignin is redissolved in a AcOH/Formic Acid (FoOH)/H2O solution before 

being reacted with ozone in a spray reactor demonstrated previously by Silverman et al.17 The 

ozone selectively and rapidly cleaves off monomers bound to the main lignin structure via C=C 

bonds, resulting in partially depolymerized lignin and a liquor comprised of monomers or LMW 

fraction and oligomers or the high molecular weight (HMW) fraction. 

2.2.3 Liquid-Liquid Extraction 

The liquor obtained from the ozonolysis reactor is dried and ethyl acetate (EtOAc) is 

added at 50 mL/g solids. The monomers preferentially dissolve in the organic phase and can be 

filtered to remove most HMW compounds. The solution is filtered using a porous poly-

propylene filter to remove any large solids. Then it is successively filtered using 8 μm filter 

paper (Whatman EW-06647-15) until the solution is clear. The filtrate or the LMW extract is the 
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starting material to demonstrate the chromatography-based separation process targeted in this 

thesis. 

2.3 Chromatography Methods 

2.3.1 TLC 

Glass, Silica gel 60 F254 TLC plates, 2.5 x 7.5cm, (MilliporeSigma M1057940001) were 

used for screening mobile phases aimed at finding suitable solvents for chromatographic 

separation of vanillin and pHB from the ozonized lignin mixture. For screening, the plates were 

marked 1 cm above the solvent reservoir. One to four solute spots were marked on this line using 

a high volatility solvent (acetone typically) and capillary tubes. The TLC jar was filled with 5 

mL of mobile phase and capped to equilibrate for 20 minutes. The TLC plate was lowered into 

the jar and rested at an angle such that the solvent was below the 1 cm mark on the plate (Figure 

2.1). The jar was recapped, and the mobile phase was eluted up the plate until ~0.5 cm before the 

top of the plate and marked by a line. To visualize the solutes, a handheld UV source 

Figure 2.1: A diagram of a TLC plate developing in a sealed jar. The liquid 

level is marked by the dashed line and is always below the solute line on the 

plate. 
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(Spectroline ENF-240C) was used to fluoresce the TLC plate. The solute spots were circled, and 

final measurements taken to calculate the retention factor Rf. (see Eq. 1.1 for definition). 

2.3.2 Column Chromatography 

A 1” x 12” 250 mL fritted flash chromatography (Chemglass CG-1196-05) column was 

used with silica gel 60 230-400 mesh (Thermo Fisher AA42570A1) as packing. To prepare the 

column, 1 cm of sand was added on top of the frit to protect the silica bed. The silica gel was 

wetted with 1.5x bed volume (BV) of the mobile phase before being added to the column. The 

volume of the silica gel was measured before and after packing to determine the degree of 

swelling. To ensure a packing with a uniform void and no air pockets, the column was gently 

agitated with a rubber stopper to drive out air. To load a sample, the liquid level was lowered to 

just above the bed, the sample was loaded on the column wall as to not disturb the bed. After 

loading the sample, the liquid level was lowered to bed height and 1 cm of sand was added to 

protect and stabilize the bed from disturbances associated with elution before more mobile phase 

was added. The elution was run continuously, and fractions were collected and analyzed by 

either TLC or GC. 
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2.3.3 Flash Chromatography 

Flash chromatography is prepared in the same manner as column chromatography but 

uses N2 instead of gravity to drive flow. A larger 2” x 12” 1 L flash column (Chemglass CG-

1197-20) is used with a chromatography metering valve (Synthware C1324) and a rotameter 

(Cole Palmer EW-03216-04) to control gas flow. The bed is prepared as described in Section 

2.3.2 and depicted in Figure 2.2. The bed is packed using gas flow, adding needed silica to 

compensate for compressing the bed volume. Before loading the sample, the flow rate is adjusted 

as desired using a rotameter and metering valve. For safety, the gas regulator is set to 10 psig and 

Figure 2.2: A prepared flash column with needle valve to control gas flow for safe operation. 

The silica bed is protected by sand caps to ensure uniform packing and to prevent from solvent 

disrupting the surface 
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the rotameter is set to maintain a constant flow rate. The chromatography metering valve shown 

in Figure 2.2 keeps the system open to avoid pressure build up. 

2.3.4 Gas Chromatography 

Gas chromatography was performed using an Agilent 7890A GC equipped with an HP-

INNOWax PEG column (Agilent 19091N-133) and a flame ionization detector (FID). The 

injector was run in split mode with a split ratio of 25:1 at a temperature of 250°C with 1 µL 

injections. The carrier gas (He) flow rate was 2 std cc/min. The oven temperature program was 

as follows: 40°C for 5 min followed by a 10°C/min ramp to 220°C where it was held for 12 min. 

The FID was run at 300°C. Each run had an equilibration time of 0.5 min and a post run time of 

4 min. Calibrations were made using standards of vanillin and pHB in MeOH from 50-250 ppm 

to determine the GC area response. Experimental samples were prepared by dissolving the solid 

collected from the SAS experiments in MeOH. 

A Varian CP-3800 GC equipped with an HP-INNOWax PEG column (Agilent 19091N-

133), and an FID was also used to analyze chromatography fractions. The injector was run in 

split mode with a split ratio of 20:1 at a temperature of 250°C with 2 µL injections. The carrier 

gas (He) flow rate was 2 std cc/min. The oven temperature program was as follows: start at 40°C 

and a 25°C/min ramp to 160°C, followed by a 15°C/min ramp to 240°C where it was held for 5 

minutes. The FID was run at 300°C. Each run had an oven temperature equilibration time of 0.5 

minutes. Calibrations were made using standards of vanillin and pHB in the chromatography 

matrix with MeOH for diluting from 10-1000 ppm to determine the GC area response. Samples 

to analyze the vanillin and pHB fractions from the column chromatography experiments were 

prepared by diluting 0.1 mL of each fraction in 1 mL of MeOH. See Appendix B for calibrations. 
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2.4 TLC Screening 

Before running column chromatography, a suitable packing material and mobile phase 

were determined. Model TLC was run as described in Section 2.3.1 on a variety of different 

mobile phases to separate vanillin and pHB. The results are shown in Table 2.2. 

Table 2.2: Silica Gel TLC Results Using Various Solvent Systems with Commercially 

Sourced Vanillin and p-Hydroxybenzaldehyde Samples 

System Solvent A Solvent B 

% Solvent 

A Rf,V Rf,pHB 

1 Ether Petroleum Ether 15 0.25 0.27 

2 Acetone Heptane 5, 12, 30 
0.03, 0.04, 

0.07 

0.03, 0.03, 

0.06 

3 Methanol Acetic Acid 50 0.55 0.57 

4 Ethyl Acetate Toluene 
10, 10 acid, 

20 

0.19, 0.20, 

0.31 

0.15, 0.16, 

0.26 

5 Methanol 
Acidic Water (1.25 v% 

AcOH) 
10 Dissolved 0.81 

6 Ethyl Acetate Heptane 20, 50 0.12, 0.37 0.12, 0.37 

7 Ethyl Acetate N/A 100 0.68 0.69 

8 Acetic Acid Ethyl Acetate 3 0.65 0.67 

9 Methanol Ethyl Acetate 10 0.69 0.72 

10 Ethyl Acetate Ether 20 0.67 0.68 

11 Hexane N/A 100 0 0 

12 Ethyl Acetate Hexane 10, 50 0.04, 0.41 0.04, 0.44 

13 Triethylamine Ethyl acetate 10 0.03 Dissolved 

   

Screening results from the separation of vanillin and pHB standards using TLC produced 

varied results depending on the solvent system (Table 2.2). These results clearly show how 

important the appropriate choice of solvent system is for achieving the desired separation not 

only for TLC but also column chromatography. Mobile phases typically consist of a polar and 
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non-polar solvent. The initial system (System 1) was to benchmark an educational experiment 

for undergrads,100 however it produced results inconsistent with the paper. Based on the 

experimentally determined 𝛥𝑅𝑓  =  |(𝑅𝑓,𝑉  −  𝑅𝑓,𝑝𝐻𝐵)| =  0.02 , it would require an infeasible 

amount of silica to separate vanillin and pHB. The desired ΔRf to scale up to column 

chromatography is ΔRf > 0.2 for an easy separation and 0.2 > ΔRf  > 0.1 for difficult 

separations.47 Nearly all solvent systems in the screening set had the same Rf for vanillin and 

pHB. The set was limited to common solvent systems, with benignity being a major 

consideration. From this set, EtOAc and either MeOH or toluene showed minor separation with 

Rf’s ~ 0.03 (Systems 9 and 4).  While these solvents may not be suitable for standard column 

chromatography, they may be applicable for simulated moving bed chromatography (SMB) that 

offers more efficient use of the stationary phase. 

 The only solvent system that showed adequate separation of vanillin and pHB to scale up 

to column chromatography was AcOH and toluene. Over the tested range, the Rfs for the vanillin 

and pHB standards show a linear increase with increasing AcOH concentration (Figure 2.3). This 

is an ideal system for flash chromatography. Under gradient mode, the elution profile can be 

tuned by changing the ratio of polar (AcOH) to non-polar (toluene) solvent. Based on a ΔRf value 

of 0.21 (which is just greater than the easy separation cut off), the ideal AcOH concentration in 

toluene to separate vanillin and pHB was found to be approximately 15% v/v AcOH. As the 

AcOH concentration is increased, the ΔRf value approaches 0 resulting in progressively poorer 

separation. Rf,van and Rf,pHB values increase with polarity, reducing the bed volume equivalent, 

which is the volume of solvent required to fully elute the solute, (BVequiv≈ 1/Rf) of solvent 

needed for the separation..
101 
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 Armed with a tunable solvent system for separating vanillin and pHB, the system was 

tested on the real lignin solution. The starting material was the LMW extract in EtOAc prepared 

as described in Section 2.2.3. The LMW was spotted on a TLC plate along with vanillin and 

pHB standard for comparison (Figure 2.4). TLC was performed using 15% v/v AcOH in toluene. 

From this qualitative comparison, lignin derived vanillin and pHB are clearly visible on the TLC 

plate lining up with the standards. Contaminants can be seen at the spotting line which indicates 

some parts of the solution are not compatible with either the solvent system or stationary phase. 

Based on these results, silica gel and AcOH in toluene were chosen as the system to scale up. 

Rf,van = 0.693*(% AcOH) + 0.288

R² = 0.996

Rf,pHB = 1.108*(% AcOH) + 0.028

R² = 0.994
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Figure 2.3: Vanillin and pHB both show increasing Rf with increasing 

AcOH fraction in toluene. Low AcOH concentrations give good 

separations while higher AcOH fractions provide faster elution. 

Figure 2.4: TLC plate showing elution using 15 v/v % 

AcOH in toluene. Top spot, vanillin standard; middle dot, 

pHB standard; bottom dot, lignin LMW extract. 
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2.5 Column Chromatography 

The TLC results paved the way for performing column chromatography on model and 

real mixtures of vanillin and pHB using a 1” x 12” column. Initial separations were done using 

mixtures of vanillin and pHB standards, sourced commercially. Using an isocratic elution with 

the column properties show in Table 2.3, column chromatography was performed and analyzed 

qualitatively with TLC. Vanillin eluted in fractions 30-45 and pHB eluted in fractions 51-66. 

pHB was not fully eluted and remained in the column even after three BVs of solvent were used. 

This is consistent with the BVequiv estimates from the TLC results. With 15% AcOH solution in 

toluene, vanillin and pHB would require 2.56 and 5.41 BVs of solvent, respectively, to fully 

elute. 

Table 2.3: Column Chromatography Conditions for Model Mixtures 

Parameter Value 

Bed Volume (mL) 80 

Silica Gel 60 (g) 39.80 ± 0.02 

Vanillin (g) 0.301 ± 0.02 

pHB (g) 0.500 ± 0.02 

15% AcOH in Toluene (mL) 300 

Fraction Volume (mL) 5 

Fractions 66 
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2.6 Flash Chromatography 

The column chromatography results suggest that a flash chromatography procedure with 

a gradient technique would be necessary to completely remove pHB from the column. A step 

gradient from 15% to 45% AcOH was chosen to achieve the separation while also fully eluting 

pHB. At 45% AcOH, pHB has a BVequiv of 1.82 which is even lower than vanillin at 15%. By 

eluting with 15% AcOH until vanillin comes off the column and then switching to 45% AcOH, 

pHB separation should be achieved along with its full recovery. To test this, a 2”x 12” column 

was used to work with larger amounts of vanillin and pHB. The initial loadings of 0.4 g vanillin 

and 1.2 g pHB were chosen to mimic the expected quantity of products resulting from ozonolysis 

of a 2 wt% lignin solution (Section 2.2.2). Other experimental parameters are shown in Table 

2.4. 

Table 2.4: Flash Chromatography Using Step Solvent Gradient 

Parameter Value 

Bed Volume (mL) 500 

Silica Gel 60 (g) 250.13 ± 0.01 

Vanillin (g) 0.401 ± 0.004 

pHB (g) 1.200 ± 0.003 

15% AcOH (L) used for vanillin elution 1 

45% AcOH (L) used for pHB elution 0.75 

Flow Rate (mL/min) 15.1 ± 0.1 

Fraction Volume (mL) 20 

Fractions 85 
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 The step solvent gradient technique significantly increased the speed of flash 

chromatography, the solute loading capacity and pHB recovery.  The demonstrated technique 

displayed excellent separation (Figure 2.5).   The vanillin solute peaks eluted in 30 fractions 

showing no overlap with pHB concentration. Following complete vanillin elution, the pHB was 

separated in 14 fractions.  Vanillin recovery was 98.5 ± 2.0% and the pHB recovery was 91.1 ± 

1.3%. See Appendix C for sample chromatography data. 

 

 To further check the pHB and vanillin mass balances, the column was washed post 

chromatography separation with 400 mL of MeOH. The highly polar MeOH solvent should 

remove pHB and vanillin from the silica. In the MeOH wash, 0.85 mg of pHB and 0.04 mg of 

vanillin were recovered which constitutes less than 0.1% recovery. The discrepancy is likely due 

to the LOD of the GC used. Vanillin is not detected lower than 10 mg/L and pHB is not detected 

below 5 mg/L. The total mass balance of the solutes (vanillin and pHB) was 92.9 ± 1.9% and the 

overall mass balance recovery including solvent was 97.2 ± 0.9%.  The lack of mass balance 

0

2000

4000

6000

8000

10000

12000

0 10 20 30 40 50 60 70 80 90 100 110 120

C
o
n
ce

n
tr

at
io

n
 (

m
g
/L

)

Time (min)

Vanillin pHB

Figure 2.5: Chromatography profile of vanillin and pHB concentrations 

using the optimized 15% - 45% AcOH in toluene step gradient on silica 

gel.  
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closure for pHB could be due to a lack of detection sensitivity in some of the samples where it 

exists at low concentrations.   Further optimization could help to completely elute the pHB and 

improve its detection using GC-FID to close the mass balance deficit within experimental 

uncertainty.    

2.7 Flash Chromatography of Ozonized Lignin  

5.76 g of LMW extract prepared from ozonized lignin mixture was adsorbed onto 12.9 g 

of silica gel and loaded on top of a 300 mL silica bed. The flash column was eluted with 1.2 L of 

15% AcOH in toluene which represents 4 bed volumes of solvent. 20 mL fractions were 

collected and analyzed qualitatively with TLC for vanillin and pHB separation.  The results are 

shown in Figure 2.6. Vanillin eluted in fractions 25-44 and pHB in fractions 38-47. The 

unoptimized isocratic elution was not able to separate vanillin and pHB from a real lignin LMW 

fraction. However, with optimization using the step gradient, full separation is expected.  

In summary, results from flash chromatography of model vanillin+pHB mixtures 

demonstrate that vanillin and pHB can be quantitatively separated into separate fractions using 

Figure 2.6: TLC analysis of real lignin chromatography using 15% AcOH in toluene. The 

top dots are vanillin recovered in each fraction and the lower dots are pHB in each fraction. 

The overlapping fractions show an incomplete separation. 
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silical gel as the stationary phase and acetic acid/toluene mixture as the mobile phase.  TLC 

analysis of a real lignin mixture using these phases confirmed that pHB and vanillin in such 

mixtures can be qualitatively separated.  These demonstrations pave the way for further scaleup 

and optimization using simulated moving bed chromatography.  
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3 Supercritical Antisolvent Crystallization 

This chapter describes systematic experiments aimed at establishing the feasibility of 

using the supercritical antisolvent (SAS) process to crystallize vanillin and pHB from their 

solutions as pure dry powders. To demonstrate the concept, this thesis examines model organic 

solutions of vanillin and pHB as surrogates for the real solutions of these solutes isolated from 

ozonized lignin mixtures by column chromatography (Chapter 3).  It is shown that to maximize 

the yields of the crystallized powders, proper knowledge of the phase equilibrium 

thermodynamics is essential to rationally select the SCF antisolvent and operating conditions 

(pressure and temperature). These aspects are described in the following sections.       

 

 

  

Figure 3.1: Schematic of the supercritical antisolvent (SAS) precipitation apparatus. The 

precipitation chamber (e) can be either a 300 mL vessel or a 50 mL vessel with appropriate 

heating/cooling provisions. The pressure regulator (g) was a metering valve. The thermocouple 

(T#) and pressure data (P#) are interfaced with a data acquisition system for real time monitoring 

of these variables. 
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3.1 SAS Methods 

3.1.1 50 mL Parr Vessel as Crystallizer 

 

A 50 mL Parr vessel (Parr Instruments) with sapphire view ports (Figure 3.2) was used 

initially in the SCF experiments to verify the occurrence of crystallization during the SAS 

process. The equipment consists of three main sections: the pumping section, the crystallization 

vessel, and the solvent recovery section. The pumping section uses two ISCO 500D (Teledyne 

Systems) syringe pumps, one to pressurize the antisolvent and the other to deliver the solution 

containing the solute at the chosen vessel operating pressure. Both pumps have heat tapes and 

thermocouples to monitor the temperature. The solution was delivered via a 250 µm capillary 

nozzle (Vici Valco T30C10D). The vessel consisted of a thermocouple, a pressure transducer, a 

pressure gauge, a magnetically driven stirrer, two cartridge heaters, and a filtered dip tube to 

retain crystallized product. Vessel pressure was maintained with a back-pressure regulator (BPR) 

and an inline filter was used to collect the crystallized solute. During experiments, the vessel was 

Figure 3.2: The 50 mL windowed Parr vessel used for supercritical antisolvent (SAS) 

crystallization experiments. The sapphire glass window allows visual observation of phases and 

solids formed inside the vessel. 
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wrapped with insulating tape and the BPR was heated with a heating tape wrapped with an 

insulation. Vessel temperature, pressure, and stir speed were controlled using a Parr 4848 

controller (ParrCon) that was interfaced with a computer for recording purposes. The monitoring 

and recording of all other pressure and temperature instruments was done using LabView Data 

Acquisition System. The solvent recovery section used a 125 mL 316 SS cylinder with a dip tube 

to collect the organic solvent that disengages from the effluent stream of the crystallizer upon 

depressurization.  The SCF antisolvent is released as a gas from the separator. 

3.1.2 300 mL Parr Vessel as Crystallizer 

A 300 mL Parr vessel (Figure 3.3) was used in later experiments to determine optimum 

crystallization conditions. The 300 mL vessel replaced the 50 mL reactor in the equipment 

Figure 3.3: 300 mL Parr crystallization vessel. MAWP 

3000 psi at 300°C, equipped with a thermocouple, a 

pressure gauge and transducer. 
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described in Section 3.1.1 with a few key changes. A dip tube equipped with a 0.5 µm frit (Parr 

Inst. A3675HC) at the end to trap the precipitated solute particles and was used in place of the 

inline filter. An aluminum cooling jacket was used to maintain the desired crystallizer 

temperature. A needle valve (Swagelok SS-3NTRS4) was used in place of a traditional BPR to 

control and maintain the crystallizer pressure during the organic solvent wash phase. A 1L 

solvent recovery cylinder (Swagelok) was added along with a pressure transducer and 

thermocouple at the gas outlet. 

3.1.3 VibraCell 

The VibraCell (Figure 3.4) was a custom 25 mL vessel with an adapter for an ultrasonic 

wand (Sonics & Materials, VC 505). Gas was pumped using a ISCO 260D and pressure was 

monitored with a transducer while being controlled with a needle valve. The cell was at room 

temperature and the metering valve was heated with tape. The operating temperature was 

monitored with a thermocouple. The ultrasonic wand was run through the entire process, during 

pressurization and wash, at 40% power with a 10 second on 20 second off pulse. 

  

Figure 3.4: A flow diagram and picture of the VibraCell showing the gas inlet, 

thermocouple, and gas outlet. The gas outlet goes to a heated meter valve, used 

in Figure 3.3. The ultrasonic wand is suspended in the vessel to provide 

agitation. The solvent reservoir screws into the bottom of the cylinder. 
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3.1.4 Experimental Procedure 

A typical crystallization run was comprised of four steps. The first step was to pressurize 

and heat the vessel with the antisolvent gas to the desired operating temperature and pressure.  

These are chosen such that the binary mixture of the organic solvent and SCF (antisolvent) exists 

in a single homogeneous phase at the operating pressure and temperature in the range of 

composition encountered during the spraying period. The operating pressure and temperature 

were predicted using phase equilibrium calculations (described later in section 3.5).  The single-

phase behavior was also experimentally verified using the 50 mL Parr vessel equipped with a 

view window. The vessel was allowed to equilibrate for 10 minutes at 1000 rpm. A fixed volume 

of the solution containing 100-200 mg/mL of the desired solute to be recrystallized is then 

sprayed into the vessel through the nozzle, such that the operating pressure and temperature are 

virtually unchanged. The system is allowed to equilibrate for 10 minutes to ensure that all the 

organic solvent has entered the SCF mixture phase, and the precipitation of the solute is 

completed. To recover the precipitated solute by depressurization of the vessel, the organic 

solvent in the SCF phase must be first removed to avoid redissolution of the solute by condensed 

solvent. Hence a wash is performed by flowing pure SCF at the operating T and P while keeping 

the system stirred and allowing the mixed phase to flow out through the pressure regulator. The 

SCF is flowed for 30-60 minutes, corresponding to at least six residence times in the stirred 

system depending on the flow rate, to remove almost all the organic solvent and leave behind a 

dry solid in the vessel. Once the wash is completed, the vessel is slowly depressurized over 10 

minutes and cooled to room T and P. The solid is then collected from the vessel and the solvent 

is recovered from the downstream solvent recovery cylinder. Variations of this procedure include 

pre-loading the vessel with the solution of the solvent and solute (instead of spraying the 
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solution) and then sonicating the vessel for 30 minutes to effect through mixing of the solution 

and antisolvent to effect crystallization. See Appendix C for example SAS run data. 

3.1.5 Differential Scanning Calorimetry (DSC) 

DSC was done using a TA Instruments Q200 for melting point analysis. The DSC 

method used 40 std cc/min of flowing Ar to purge the cell.  The temperature was allowed to 

equilibrate at 40°C for 2 min before ramping to 180°C at either 10°C/min or 5°C/min. Samples 

were prepared using a Tzero low mass pan and 5-15 mg of solid sample were added, then 

pressed to seal the pan. Standards of vanillin and pHB were used to compare the melting point 

profiles with the precipitated solids. 

3.2 Vanillin and pHB Precipitation using SCFs 

Precipitation of vanillin and pHB from SCF was initially verified using a windowed Parr 

vessel. The formation of solid crystals in a SCF-solvent mixture was tested by loading 6 mL of a 

10 wt% solution of vanillin in ethyl acetate (EtOAc) into the vessel and pressurizing the heated 

reactor containing the vanillin/EtOAc solution to above CO2+EtOAc critical point of 8.16 MPa 

at 40°C. After sufficient mixing, the solvent entered the SC phase. During its transition from 

subcritical to supercritical conditions, the phase separation becomes less apparent until the 

Initial Crystals After 5 Minutes After 15 Minutes 

Figure 3.5: Crystallization of vanillin from an EtOAc 

solution in scCO2. The crystals can be seen floating in 

the clear SCF. 
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solution is clear as the SCF-solvent mixture becomes supercritical. In this clear phase, small 

vanillin crystals were visible that grew larger as they were allowed to aggregate shown in Figure 

3.5. A similar experiment was performed to verify pHB recrystallization using scCO2 as 

antisolvent. 

 The windowed Parr vessel was then equipped with a 250 μm capillary nozzle to spray the 

solute containing solution and confirm that the vanillin would again precipitate from a sprayed 

mist. This change in solvent delivery method caused two different phenomena not observed with 

the process in which the solution was already loaded in the cell. Instead of floating in the 

solution as observed in the case with initially loaded solution, the solute particles stuck to the 

sides of the vessel during the spray process, coating it in a fine powder of vanillin or pHB. 

Particles that stuck to the windows were not easily recoverable.  The solute also precipitated 

directly on the nozzle most likely due to a low flow rate of 0.25 mL/min. The addition of a 

nozzle greatly increased the speed of crystallization and would be useful in a continuous process. 

Table 3.1: Experimental Parameters for Initial Crystallization with scCO2 

Parameter Value 

Vessel Volume 50 mL 

Temperature 40.0 ± 2.2°C 

Pressure 8.27 ± 0.21 MPa 

Spray Rate 0.25 ± 0.05 mL/min 

Solution Volume 6.0 ± 0.1 mL  

Solute Concentration 100.0 ± 0.5 mg/mL  

Impeller 1000 ± 20 RPM 

 

The windowed vessel was not suitable for recovery of the crystals due to its low volume 

and inability to retain particles without external filters that required heating. However, initial 

experiments in this vessel conclusively showed that vanillin and pHB can be individually 
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precipitated from their organic solutions using a SCF antisolvent. To facilitate easier recovery of 

the solute, a larger vessel equipped with a filter that can retain the precipitated particles in the 

vessel itself was used. 

3.3 Optimizing Precipitation of Solutes with Three SCF 

To determine the optimum SCF, the experimental apparatus was changed to a 300 mL 

Parr vessel equipped with a filter frit in a dip tube. The 0.5 μm frit was able to retain the 

precipitated crystals for collection and analysis. In these studies, solute recovery is defined as 

mass of solids (g) recovered from the vessel relative to the mass of solute sprayed (g). The molar 

composition of the binary organic solvent+SCF mixture is calculated using empirical density 

correlations102–104 of the SCF at the operating temperature and pressure. 

3.3.1 Vanillin Precipitation with Supercritical Carbon Dioxide as Antisolvent 

 

Initial experimental pressures were chosen to be sufficiently above the maximum mixture 

critical point of CO2+EtOAc system such that any change in composition would not cause the 

binary mixture to become subcritical. The mixture critical pressure of CO2+EtOAc at xEtOAc = 
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Figure 3.6: Recoveries of vanillin from scCO2 (x1) at 40°C, 8.27 MPa and 

various organic solvent mole fractions (x2). 
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0.02 and T = 40°C was 8.21 MPa, observed in the windowed vessel, which is slightly higher than 

literature values of 8.16 MPa at xEtOAc = 0.036 and T = 40°C.102,105,106 Supercritical CO2 as the 

antisolvent had the least recovery of precipitated vanillin at 28.3 ± 0.2% at xEtOAc = 0.02 and 

showed no improvement with variation in the mole fraction of EtOAc (Figure 3.6). 

 

Of the SCFs tested, CO2 required the highest minimum temperatures at 31.0° C. Even 

though vanillin and pHB are solids, they exhibit measurable volatility at room temperature. 

Because of this, both compounds have an easily identified odor making them difficult to process 

without loss due to volatilization. Vanillin’s pure vapor pressure as a function of temperature is 

shown in Figure 3.9. Increasing temperature significantly increases their vapor pressures.  

Between 15 and 40°C, which includes the regions just above the critical temperature of CO2, 

ethane, and ethylene, the vapor pressure of vanillin increases by an order of magnitude (Figure 

3.7). Consequently, SAS experiments with CO2 and ethane resulted in lower vanillin recoveries 

in the vessel with a significant amount of vanillin likely escaping in the SCF+solvent phase due 

to volatilization of vanillin. 
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Figure 3.7: Pure component vapor pressure of vanillin over the range of 

experimental temperatures. Experimental data from literature33. 
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3.3.2 Vanillin Precipitation with Supercritical Ethane as Antisolvent 

 

Ethane was chosen as the next SCF because it had a similar Tc (32.2°C) as CO2 but a 

lower Pc (4.872 MPa) and is also a food grade solvent. The operating conditions were chosen 

based on reported binary C2H6+EtOAc mixture critical data.103 The operating conditions to 

maintain a supercritical phase of the C2H6+EtOAc binary system are as follows: (T = 35.0°C, P = 

5.514 MPa, xEtOAc = 0.02).The yields of precipitated vanillin obtained with supercritical ethane 

were higher than with scCO2 with the best value being 35.0 ± 0.2%. The yield of vanillin from 

supercritical ethane as antisolvent is still low due to the vapor pressure being significant even at 

moderate temperatures. 

3.3.3 Solubility of Solutes in SCF 

SCF density is known to have significant impact on the recovery of solids. Vanillin and 

pHB are known to be soluble in scCO2
73,76 and are likely also soluble in supercritical ethane and 

supercritical ethylene.107 The presence of co-solvents can also significantly increase the 

dissolution power of SCF by modifying its dielectric constant.108 For example, EtOAc would 
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Figure 3.8: Recoveries of vanillin from scC2H6 (x1) at 35°C and various 

organic solvent mole fractions (x2). Experimental pressures of 8.27 MPa 
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increase the polarity of the SCF phase leading to stronger dissolution of polar compounds. 

Vanillin and pHB are both polar compounds, with pHB being more polar, both readily dissolve 

in polar solvents such as chloroform, EtOH, MeOH, and EtOAc. Ethylene, by virtue of its lower 

critical temperature and pressure, allows operation at much lower densities of the SCF phase 

compared to operation with scCO2 and supercritical ethane. The combination of lower vapor 

pressure and lower SCF densities, allowed by operation with supercritical ethylene, results in 

higher vanillin recovery.  Hence, ethylene was chosen as the optimum SCF for further 

experiments. 

3.3.4 Modeling of Vapor Liquid Phase Behavior of Ethylene-EtOAc System 

With ethylene-EtOAc selected as the desirable solvent for the SAS system, preliminary 

modelling was done to predict the critical loci of the binary system and thereby to guide the 

choice of operating variables to ensure operation in a single supercritical phase. Kordikowski et 

al.84 studied the volume expansion and vapor-liquid equilibrium properties of CO2, ethane, and 

ethylene binary mixtures with polar solvents. From this data, the binary interaction parameter 

(kij) was regressed and fit using the Peng-Robinson equation of state109 with van der Waals 

mixing in Aspen Plus (Version 11). The experimental bubble point data and Peng-Robinson 

model predictions are plotted in Figure 3.10. The regressed binary interaction parameter for 

ethylene-EtOAc was kij = -0.0356 and the model fit had an R2 value of 0.9887.   
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 Using the fitted interaction parameter, more simulations of the ethylene-EtOAc system 

were done to determine its critical loci at all temperatures and compositions. The critical loci  

 

were modelled using the Peng-Robinson equation of state and solved using the method outlined 

by Deiters and Bell.89 The behavior of the modelled binary SC system is Type 187 as shown in 

Figure 3.11. Thus, the binary system will be supercritical at all compositions if the operating 

temperature and pressure are above the maximum of the critical loci. At an operating 

temperature of 20°C, the system will be in a single supercritical phase at all compositions above 

5.84 MPa and should enable precipitation of dissolved vanillin and pHB. 
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Figure 3.9: Ethylene (x) – EtOAc (x2) system at 25°C modelled with the 

Peng-Robinson equation of state using the regressed binary interaction 

parameters from the plotted literature data.  
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3.3.5 Vanillin Precipitation with Supercritical Ethylene as Antisolvent 
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Figure 3.11: Recoveries of vanillin from scC2H4 (x1) at 20°C and various 

organic solvent mole fractions (x2). Experimental pressures: 8.27 MPa (■), 

7.58 MPa (●) 
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Ethylene was chosen as the final SCF because it has a low Tc (9.19°C), relative to CO2 

and ethane, and is food grade. As there exist sparse reported phase behavior information for the 

binary ethylene-EtOAc system, the system was modelled as explained in Section 3.5. The yield 

of precipitated vanillin was the highest (60.4 ± 0.2%) when using ethylene as the SCF 

antisolvent.  The operating conditions to maintain a supercritical phase of the organic 

solvent+SCF antisolvent binary system are listed in Table 3.2. The improved yield implies that 

temperature of the system has the greatest effect on recovery, due to the reduced vapor pressure 

of vanillin and pHB. Experiments at sub-ambient temperatures would likely show even greater 

recoveries. 

Table 3.2: Optimum SCF Experimental Parameters for Ethylene 

Parameter Value 

Temperature 20.0°C 

Pressure 7.58 MPa 

Mole Fraction EtOAc 0.02 

Vessel Volume 300 mL 

Spray Rate 3.0 ± 0.1 mL/min 

Solution Volume 12.0 ± 0.1 mL  

Solute Concentration 200.0 ± 0.5 mg/mL  

Impeller Speed 1000 ± 20 RPM 

Wash Time 60 min 
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3.4 Optimizing Recoveries of Organic Solvent and Precipitated Product 

3.4.1 Solvent Recovery 

Assuming that the vessel is perfectly mixed during the solvent flush phase (post 

spraying), a flush time equivalent to six residence times was chosen for the SCF solvent at the 

crystallization pressure and temperature (Equation 3.1). Based on this calculation, 30 mL/min of 

SCF at the operating P and T was flowed for 60 minutes to remove nearly all solvent. The 

predicted effect of SCF wash flow rate on the concentration of the oganic solvent in the effluent 

is plotted in Figure 3.12. Having a sufficiently long wash time (~ six residence times) should 

lead to complete removal of co-solvent from the precipitation vessel, leaving a dry powder.  

𝐶 =  𝐶𝑜 (1 − 𝑒
−𝑡
𝜏 ) , 𝐶𝑜 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛, 𝜏 = 𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑇𝑖𝑚𝑒, 𝑡 = 𝑡𝑖𝑚𝑒 (𝐸𝑞 3.1) 

 

Collecting the used organic solvent from the effluent stream proved to be a challenge. 

Early experiments consistently showed less than 50% recovery based on mass balance 

calculations. Initially, the organic solvent was collected intermittently from the condenser during 

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0 20 40 60 80 100 120

S
o

lv
en

t 
R

em
ai

n
in

g
(g

/m
L

)

SCF Wash Time (min)

5 mL/min

10 mL/min

15 mL/min

20 mL/min

30 mL/min
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SCF flow rate, modelled using a differential mass balance. 
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the solvent wash cycle to reduce loss by evaporation.  The condenser also cooled to -10°C but 

this only marginally improved solvent recovery. Hence, the volume of the solvent collection 

reservoir was increased from 125 mL to 1 L with a dip tube. These modifications increased the 

organic solvent recovery from approximately 50% to an average of 79.9 ± 1.1 % over 4 

consecutive experiments. 

3.4.2 Optimized Recoveries of Vanillin and pHB 

The recovery of vanillin from the reactor was 60.4 ± 1.2 % in the first experiments 

involving supercritical ethylene.  Using the equation of state model, it was determined that use of 

a lower pressure in the SAS process would likely improve vanillin recovery in the vessel by 

reducing the SCF mixture’s ability to dissolve vanillin. Accordingly, a reduced pressure of 6.90 

MPa that was sufficiently above the mixture critical point at 20°C and xEtOAc = 0.02 was chosen. 

At these conditions 74.8 ± 0.9 % of vanillin was recovered as a solid in the precipitation vessel 

and 79.3 ± 0.2 % of EtOAc was recovered from the condenser. 

Table 3.3: Optimized Conditions for Vanillin Precipitation 

Parameter Value 

Pressure 6.90 ± 0.21 MPa 

Temperature  20.0 ± 1.0 °C 

Vanillin concentration 

in spray solution 

200.0 ± 0.5 mg/mL 

Spray Rate 3.0 ± 0.1 ml/min 

Spray Time 120 s 

Impeller Speed 1000 ± 20 RPM 

Wash Phase 60 min @ 30.0 ± 0.1 ml/min of SCF at 6.90 MPa and 20 °C 

 

To precipitate pHB, several different pressures were used starting with the optimized 

conditions for vanillin precipitation. pHB precipitated at all pressures above the mixture critical 

point. However, the highest recovery achieved (50.8 ± 1.4%) was much lower than vanillin. The 
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lower recovery is likely due to pHB being more polar and more soluble in the SCF+EtOAc 

mixture.  

Table 3.4: Recovery of pHB From Various Pressures of C2H4 

Pressure  

(MPa) 

pHB Sprayed  

(g) 

pHB Recovery  

(%) 

6.90 0.525 ± 0.002 50.8 ± 1.4 

7.58 0.762 ± 0.002 47.2 ± 1.5 

8.27 0.845 ± 0.002 44.3 ± 1.5 

8.96 0.918 ± 0.001 42.9 ± 1.5 

9.65 0.990 ± 0.001 40.2 ± 1.5 

  

To determine where loss of products is occurring, the crystallization equipment used was 

cleaned and analyzed by GC-FID to investigate residual vanillin along with the collected solvent. 

Due to vanillin dissolving and exiting the crystallizer, the equipment immediately after the 

crystallizer contained 10.3 ± 0.1% of the total vanillin sprayed into the vessel. The recovered 

solvent also contained 9.4 ± 0.2% of the total vanillin bringing vanillin’s mass balance to 94.5 ± 

0.3 %. The missing product is assumed to have been carried away in the gas outlet. 

To examine the potential for mass transfer limitations within this system, studies were 

done using the ultrasonic VibraCell. EtOAc containing vanillin was loaded in the cell and 

pressurized with ethylene using the optimized conditions above. The ultrasonic wand was pulsed 

for several minutes during the wash cycle to break up any potential droplets of solvent that had 

not formed a continuous phase with the SCF. The average vanillin recovery from this was 62.8 ± 

2.4% which was comparable to the vanillin recoveries obtained with impeller mixing. Ultrasonic 

nozzles have been used for SAS processes to enhance mass transfer rates between the organic 

solvent and SCF phase by creating smaller droplets of the solution.110 However, ultrasonic 
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mixing did not improve the recovery of vanillin suggesting that vapor pressure effects likely 

dominate the vanillin recovery. 

3.5 Solids Analysis 

The recovered precipitates were analyzed using Differential Scanning Calorimetry (DSC) 

to determine their melting profiles. Any significant change in the melting point range could mean 

that the precipitate is not pure and contains contaminants such as solvent or other impurities. As 

inferred from Figures 3.13 And 3.14, the DSC profiles of precipitated vanillin and pHB closely 

match their standards indicating that there is little contamination or modification as a result of 

the SAS processing. The vanillin standard had a melting point (MP) of 82.77 ± 0.02°C, the SAS 

precipitated vanillin had a MP of 82.62 ± 0.02°C. The pHB standard had a MP of 117.16 ± 

0.01°C, and the SAS precipitate had a MP of 116.52 ± 0.01°C. See Appendix D for SEM images 

of the micronized solute particles. 
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In summary, a rapid supercritical antisolvent process was demonstrated for recrystallizing 

vanillin and pHB from their solutions.  However, the yields of the crystallized solids recovered 

in the vessel can be improved by further optimization of reactor operating conditions and choice 

of the SCF solvent and organic solvent.  Further, the recovery of the organic solvent along with 

the dissolved solute that escapes the crystallizer must also be maximized to favor process 

economics.          
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4 Conclusions and Recommendations 

4.1 Conclusions 

Technology concepts for separating vanillin and p-hydroxybenzaldehyde (pHB) from the 

LMW fraction of ozonized corn lignin were successfully developed and demonstrated using 

chromatography and rapid crystallization using the supercritical antisolvent process (SAS). 

Chromatography was successfully shown to separate model mixtures of vanillin and pHB 

utilizing a step gradient of 15% acetic acid (AcOH) in toluene to 45% AcOH in toluene, 

following complete elution of only vanillin. The column utilized a 500 mL bed of silica gel-60 to 

partition vanillin and pHB by polarity, successfully recovering 98.5 ± 2.0% of vanillin and 91.1 

± 1.3% of pHB. The overall mass balance including the mobile phase was 97.2 ± 0.9%. Utilizing 

the step gradient greatly increased the speed and the extent of recovery of pHB with excellent 

separation of the solutes.  The developed method was shown to separate vanillin and pHB 

extracted from ozonized corn cob lignin solution. 

SAS process using supercritical ethylene at room temperature and mild pressure of 6.9 

MPa shows promise for rapidly crystallizing vanillin and pHB from their respective solutions in 

ethyl acetate. Spraying either vanillin or pHB solution into supercritical ethylene causes rapid 

absorption of the solvent from the droplets into the supercritical fluid (SCF) leaving a dry 

crystalline powder. The recovery of vanillin and pHB was optimized by tuning the pressure of 

the vessel and the flow rate of the SCF during the drying step. The maximum solute recoveries 

demonstrated were 74.8 ± 0.9 % for vanillin and 50.8 ± 1.4% for pHB in the vessel. 

Approximately 19.4% of vanillin was recovered from the condensed organic solvent showing 

that a significant amount dissolved into the SCF+solvent phase but could be recycled along with 
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the solvent. Based on DSC results, the obtained SAS precipitates of vanillin and pHB had little 

change in purity after recrystallization. 

These results show that vanillin and pHB could be separated by chromatography from a 

depolymerized lignin mixture and then crystallized using SAS in a continuous process. This new 

process shows promise for achieving the difficult separation of value-added aldehydes from 

lignin. 

4.2 Recommendations 

The results from this work pave the way for further work aimed at optimizing the 

chromatography and crystallization techniques.  Specific recommendations include the 

following: 

1. The step gradient chromatography should be run with LMW extracts of ozonized corn 

cob lignin solution to establish quantitative separations of the vanillin and pHB 

containing fractions for further processing. 

2.  The concentrations of vanillin and pHB in the supercritical SCF+solvent system at 

operating conditions should be measured by experimental methods (on-line GC) to 

enable mass balance closure and rationally guide further process optimization (choice 

of P, T, co-solvent, enhanced mixing, etc.) 

3. Perform SAS using ethylene at sub-ambient supercritical temperatures to assess the 

impact on vanillin and pHB yields as dry powders. 

4. Investigate alcohol-ethyl acetate solvent systems for use in resin chromatography 

based on recent literature,111 using food grade solvents.  Using as much of the same 

solvents for extraction of the LMW compounds and for separating them is ideal to 

reduce energy and solvent costs.  
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5. Investigate the solubility of acetic acid and toluene in SCF so that the separated pHB 

and vanillin streams from column chromatography can be directly processed. 

6. Investigate the transition from flash chromatography to simulated moving bed (SMB) 

chromatography. This system is especially well suited for SMB because it is a binary 

separation. This will allow vanillin and pHB to be continuously separated and may 

allow the use of alternate solvent systems. 

7. Perform an economic and environmental impact analyses of the combined 

chromatography and SAS processes, based on the data acquired to date, to identify 

hotspots and to guide process design and development. 
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Appendix A: Error 

In this work error took two forms, error in repeated measurements, and error in single 

measurements or calculations. Error in repeated measurements can be calculated by determining 

the mean of the sample population and the standard deviation of the same population. In this case 

the reported value is x̄ ± σ for the population calculated using Eq. A1 & A2.  

x̄ =  
1

𝑛
(∑ 𝑥𝑖) (𝐸𝑞 𝐴1) 

𝜎 =  √
∑(𝑥𝑖 − x̄)2

𝑁
(𝐸𝑞 𝐴2) 

 For calculated values e.g., density, recovery, and concentration, propagated uncertainty is 

used which combines all sources of error related to the calculated value. Each measured value 

used to calculate the property has its own uncertainty whether it is systematic or random. For a 

calculated density, both mass and volume are measured, and their respective uncertainties 

recorded, usually related to the calibration of the balance or volumetric flask. These values, for 

example would be mass, m = x ± ux, volume, v = y ± uy, and density, ρ = x/y. Propagating error 

in calculating density using Eq A3 gives Eq. A4. 
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Appendix B: GC Calibration 

B.1  Varian CP-3800 

The Varian GC was used to analyze chromatography fractions. The fractions were 

prepared by diluting with MeOH before analysis to decrease the potential to overload the FID. 

The GC was calibrated using the optimized method described in section 2.3.4 and calibrated over 

the range of 5-1000 mg/L for both vanillin and pHB in AcOH/Toluene/MeOH. This range was 

chosen based on the observed minimum and maximum solute peak areas. The calibration was 

separated into low and high ranges due to inflections at high concentrations. 
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Figure B1: Calibration lines of vanillin at low and high concentrations 

using the Varian GC. Calibration range of 10-300 and 400-1000 mg/L in 

AcOH/Toluene/MeOH. 
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B.2  Agilent 7890A 

The Agilent GC was primarily used to quantify the precipitates from SAS experiments 

and to verify the calibrations of the Varian GC. In the future this GC will be used to quantify 

unknowns present in the real lignin mixture chromatography experiments. The calibration range 
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Figure B2: Calibration lines of pHB at low and high concentrations using 

the Varian GC. Calibration range of 5-300 and 400-1000 mg/L in 

AcOH/Toluene/MeOH. 
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Figure B3: Agilent GC calibration line for Vanillin from 10-200 mg/L in 

EtOAc.  
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was 10-200 mg/L for vanillin and pHB in EtOAc. A large range is not required because the 

sample concentration is easier to control. 
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Figure B4: Agilent GC calibration line for pHB from 25-200 mg/L in 

EtOAc. 
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Appendix C: Run Data 

C.1  Chromatography 

Example data collected from flash chromatography of vanillin and pHB using 15% to 45 v/v % 

AcOH in toluene.  

 

Figure C1: Varian GC area of vanillin and pHB in each fraction collected 

during chromatography. 

Figure C2: Example FID response of vanillin and pHB from the Varian 

GC. Vanillin has a retention time of 9.96 min and pHB is 12.76 min. 
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C.2  SAS Process 

SAS precipitation requires precise control of the pressure regulation valve to maintain 

constant pressure. Figure C3 is an example of the steps during a SAS precipitation and how those 

affect pressure and temperature.  
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Figure C3: Pressure (blue) and Temperature (red) during an SAS 

precipitation. Before a), the vessel temperature and pressure are 

equilibrated. a) represents when the solution is sprayed into the vessel and 

allowed to equilibrate. b) is the beginning of the SCF wash to remove the 

solvent. The vessel is then slowly depressurized. 
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Appendix D: Scanning Electron Microscopy (SEM) 

Microscopy was preformed using a Hitachi SU8230 Field Emission SEM. The settings 

were 10kV accelerating voltage and 9 µA emission current. Crystalline samples were prepared 

by sputtering 10nm of gold to coat before being imaged. The images show significant 

morphological and particle size change in vanillin and minor morphologic and particle size 

reduction in pHB. 

 

Figure D1: SEM image of gold coated vanillin standard. Average particle 

size is 105μm. 
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Figure D2: SEM image of gold coated SAS precipitated vanillin. The particles change 

significantly to thin needles. Average particle size is 30μm. 

Figure D3: SEM image of gold coated pHB standard. Average particle 

size is 19μm. 
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Figure D4: SEM image of gold coated SAS precipitated pHB. The 

particles moderately change to spiked surfaces. Average particle size is 

11μm. 


