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aDepartment of Food Science and bDepartment of Chemistry and Biochemistry, University of Arkansas, Fayetteville, 
Arkansas 72703 

Diffuse reflectance Fourier transform infrared spectro- 
scopy was used to observe adsorption complexes of oleic 
acid and isopropanol (IPA) on silicic acid in hexane. The 
spectra provide definite evidence of the molecular nature 
of the surface interaction. In addition, the effect on oleic 
acid adsorption of modifying the solvent with IPA, which 
competes  for adsorption sites and modifies the solvent 
polarity, was studied. Oleic acid adsorption was  reduced 
in the presence of an equimolar IPA concentration in hex- 
ane, relative to  that from hexane alone. This could be ex- 
plained by a combination of competitive adsorption of IPA 
and IPA interacting with oleic acid in solution. IPA, in 
solution, and silica are probably competing for the lipid. 
This is additional evidence that suggests  that lipid adsorp- 
tion onto silicic acid is influenced by competit ive adsorp- 
tion. The adsorption of oleic acid and IPA, from a mix- 
ture of the two in hexane, was controlled by (i) the 
equilibrium between surface~bound species and molecules 
in solution and (ii) the polar interaction between oleic acid 
and IPA in solution. Thus, washing pre-bound oleic acid 
with hexane removed only a small amount of oleic acid, 
while washing with a solution of IPA in hexane removed 
most of the pre-bound oleic acid. 

KEY WORDS: Adsorption, Fourier transform infrared reflectance 
spectroscopy, isopropanol, oleic acid, silicic acid, triglyceride. 

Soy oil is extracted industrially from soy flakes with hex- 
an~ which is then evaporated to produce a crude triglyceride 
oil. The oil contains fat ty acids, phospholipids and car~ 
tenoid pigments, which must be removed to obtain a bland, 
stabl~ light~olored product that is acceptable to consumers. 
Fat ty acids and phospholipids are removed commercially 
by saponification and hydration, respectively, and then 
separated from the oil by centrifugation. The oil is subse~ 
quently bleached by adsorption of carotenoid pigments and 
the residues of previous refining steps onto alumin~silicate 
and silica adsorbents at 100~ under reduced pressure (1). 

Adsorption studies with simple model systems of silicic 
acid (SA) and crude soy oil diluted with hexane (La, miscella) 
have been useful in studying lipid/adsorbent interactions, 
which may be useful in better understanding the industrial 
adsorption process. These studies have involved measuring 
the concentrations of oil components before and after ad- 
sorption and plotting the amount adsorbed per gram vs. 
the residual concentration after adsorption. Such studies 
have shown that the binding of phospholipid (2), carotenoids 
(3) and triglyceride (3) is according to a Freundlich isotherm_ 

Addition of 1% isopropanol (IPA) to the miscella promotes 
adsorption of phospholipid (2), which was proposed to oc- 
cur by removal of triglyceride from the adsorption sites. IPA 
inhibited soy oil carotenoid adsorption by SA (3). This was 
explained by competition between pigments and IPA for 
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silanol binding sites. The basis of the competition was sug- 
gested to be the polarity of the misceUa constituents, with 
more polar constituents being better competitors. However, 
there is little difference between members of a homologous 
series of alcohols (C1-C10) in their ability to limit pigment 
adsorption (4). A comparison of the effects of C3 com- 
pounds to inhibit pigment adsorption showed alcohol < acid 
< ketone < ester, indicating that  the ability to hydrogen- 
bond rather than the polarity was the basis for competitive 
adsorption (4). 

IPA treatment of SA, which has been exposed to crude 
soy oil miscellas, caused adsorption of carotenoids and 
restored much of the ability of the silica to adsorb pigment 
(5). 

Proctor and Snyder (3) demonstrated that  triglycerides 
are the major species adsorbed, probably because they are 
the lipid present in largest concentrations. Chapman and 
Pfannkoch (5) later showed that triglyceride is an important 
competitive inhibitor of pigment adsorption in misceUas. 

The reports outlined above studied adsorption by measur- 
ing miscella component concentration before and after ad- 
sorption, but there was no direct observation of the lipid/SA 
complex. In contrast, Sarier and Guler (6) and Guler and 
Tunc (7) used infrared spectroscopy to investigate beta-car~ 
tene (6) and chlorophyll (7) adsorption to acid-activated 
montmorillonite from benzene and hexane, respectively. 
Spectroscopy showed that beta~arotene was bound as a cap 
bonium ion, while chlorophyll was chemisorbed as a result 
of interaction with I~wis and Br0nsted acid sites on the sur- 
face of the clay. 

The objective of this study was to use diffuse reflectance 
Fourier transform infrared spectroscopy (FT-IR) to examine 
the nature of a simple lipid binding to SA. The FT-IR spec- 
trum of SA was obtained when oleic acid (OA) was adsorbed 
from hexane solution. The interaction of IPA with the lipid 
and silica in modifying the adsorption was explored. The 
desorption of lipid with IPA was also examined. 

MATERIALS AND METHODS 

Lipid, solvents and adsorbents. OA (Sigma Chemical Co., 
St. Louis, MO), hexane [high-performance liquid chroma- 
tography (HPLC) grade], IPA (HPLC-grade) and SA (Bio- 
Sil A., 100-200 mesh; Bio-Rad Laboratories, Richmond, 
CA) were used. 

SA/solvent  interaction. Control experiments were con- 
ducted to examine the nature of the adsorbent and the 
adsorption of solvents in a lipid-free system. The FT-IR 
spectrum of SA was observed with a Nicolet Model 205 
FT-IR instrument  (Nicolet, Madison, WI) with a diffuse 
reflectance unit  0030-002 (Barnes Analytical, Stamford, 
CT) having a resolution of 4 cm -1. These conditions were 
used throughout unless stated otherwise. This was done 
to obtain a baseline spectrum of the adsorbent, which was 
subtracted from subsequent spectra after lipid adsorption. 
The effect of exposing the adsorbent to hexane was ex- 
amined by adding 0.5 g of silica to 100 mL of hexane in a 
sealed vessel and mixing for 15 min. the SA was recovered 
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and dried under air flow in a hood for 15 min prior to FT- 
IR  analysis, as described above. This was repeated with 
100 mL 0.05M IPA in hexane. 

OA adsorption. The FT-IR spec t rum of oleic was ob- 
tained by direct transmission of the infrared beam through 
a film of pure OA on a salt  window. 

A volume of 100 m L  of 0.05M OA in hexane was stir- 
red with 0.5 g SA for 15 min before recovering and dry- 
ing, as described earlier. FT-IR analysis was then per- 
formed. The procedure was repeated with  100 mL of 
0.05M OA and 0.05M IPA in hexane. 

OA desorption. Half-gram quanti t ies  of SA were re- 
covered after OA binding from the hexane and hexane/IPA 
solvent systems.  The FT-IR spec t rum of the adsorbent  
was then examined after washing with 100 mL hexane for 
15 min. The exper iment  was repeated, but  washing was 
done with 100 mL 0.05M IPA in hexane. The exper iment  
was then done after adsorbing and washing in 0.05M IPA. 

The spectral  da ta  were interpreted by examining the 
l i terature values of infrared adsorpt ion (8,9). 

RESULTS AND DISCUSSION 

SA/solvent  interaction. Figure 1 shows the FT-IR spec- 
t r um of SA. The li terature indicates a broad band from 
2800-3800 cm -1 as shown here for OH groups on silica 
gel (10). Removing all of the water  and hydrogen-bonded 
OH groups requires evacuat ion at  tempera tures  greater  
than  500~ This t r ea tmen t  leaves a single sharp peak 
around 3748 cm -1 for nonhydrogen-bonded surface OH 
groups (10). This is typical behavior for silica and alumina 
surfaces (8). In Figure 1, the nonhydrogen-bonded 

surface OH groups are shown by the peak or shoulder at  
3740 cm -1. The broad band a t  2800 to 3750 cm -1 is due 
to the OH st re tch for surface O H  groups and adsorbed 
water  undergoing hydrogen bonding. The H-OH bending 
vibration is found at  1637 cm -1. These are observed even 
in "dried" SA tha t  is stored in a desiccator (data not 
shown) and are probably  due to binding of a tmospheric  
moisture  when weighing and handling samples. For this 
reason, SA was not  dried prior to use in the subsequent  
experiments.  However, care was taken to replace the con- 
tainer lid p rompt ly  after use. Hydrocarbon  peaks  ob- 
served at 2860 and 2957 cm -1 are due to a hydrocarbon- 
containing mater ia l  adsorbed on the SA as received. The 
peaks  at  2354 and 667 cm -1 are due to a tmospher ic  car- 
bon dioxide and were found in a lmost  all samples. The 
bands at 1989 and 1870 cm -1 are due to structural  vibra- 
t ions of SA. An intense s t ructural  siloxane peak (Si-O-Si) 
is found from 1250 to 1400 cm -1, and structural "skeletal 
v ibrat ions"  a t  < 1300 c m - t  

The spec t rum of SA incubated with hexane (data not 
shown) was similar to tha t  of SA in Figure 1. The impurity 
hydrocarbon peak at  2860 cm -1 was reduced a little rela- 
t ive to SA, sugges t ing  complete solvent evaporat ion and 
nonadsorpt ion of hexane. 

Figure 2 is the unprocessed spec t rum of IPA adsorbed 
to SA, and it shows tha t  IPA in hexane does remove the 
2860 cm -1 peak, which suggests  tha t  this peak is due to 
polar hydrocarbon molecules adsorbed on the SA because 
it is removed by a polar solvent, but  only slowly by a non- 
polar solvent. 

Figure 3 shows the spectrum of IPA bound by SA minus 
the SA spec t rum (Fig. 1). The negative peak at  3740 
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FIG. 1. The Fourier transform infrared spectroscopy spectrum of silicic acid. 
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FIG. 2. Fourier transform infrared spectroscopy spectrum of isopropanol (IPA) adsorbed on silicic acid (SA). 
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FIG. 3. The Fourier transform infrared spectroscopy spectrum of silicic acid-bound isopropanol with the silicic acid spectrum subtracted. 
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cm -~ indicates tha t  IPA adsorbs by hydrogen-bonding to 
the nonhydrogen-bonded silanol group originally at  3740 
cm -1. Because the 3740 cm -1 band is absent  in the ad- 
sorbed-IPA spectrum, but  is present  in the SA spectrum, 
subtract ion results in the negat ive 3740 cm -~ band. The 
nonhydrogen-bonded silanol s t re tch at  3740 cm -~ was 
shifted down by hydrogen-bonding to IPA to form a broad 
band a t  2500 to 2800 cm -~, which shows as a broad 
posit ive band in the difference spec t rum in Figure 3. The 
peak at  2978 cm -1 in Figures 2 and 3 is the asymmet r i c  
vibrat ion of the methyl  group of adsorbed IPA, while the 
C-H deformation vibrat ion is seen at  1470 cm -1. The 
da ta  indicate hydrogen bonding of IPA to silanol groups 
in the presence of hexane. This was proposed in the pre- 
sence of soy oil to inhibit carotenoid binding (3) and to 
promote tha t  of phospholipid (2). In contrast,  hexane does 
not  bind to SA. The SA peak  at  about  1305 cm -~ occurs 
in Figure 3 and subsequent  spectra  because adsorpt ion 
of OA or IPA causes a small shift in the large Si-O-Si band, 
so tha t  the subtract ion of a pure SA spec t rum from the 
SA mater ial  leaves a difference peak at  1305 cm-L 

The negat ive peaks  at  2860 and 2955 cm -1 in the dif- 
ference spec t rum in Figure 3 are due to these bands  be- 
ing present  in the spec t rum of the original SA (Fig. 1), 
which is subtracted from the adsorbed IPA spectrum (Fig. 
2). These bands  are absent  in Figure 2 because the polar 
IPA/hexane t r ea tmen t  removed the adsorbed material  
tha t  caused these bands. The material  is not removed from 
the SA because its removal requires a polar solvent, which 
would itself remain on the SA, as IPA does. Nevertheless, 
the negat ive peaks  at  2860 cm -~ and 2955 cm -~ are not  

impor tan t  because their  source is understood, and they 
do not  cause confusion. 

OA adsorption. The spec t rum of free OA is shown in 
Figure 4 and was obained for compar ison with the ad- 
sorbed form. I m p o r t a n t  features of the spec t rum include 
the C-H stretch for an R-C=C(H)R' group at 3006 cm -1, 
the asymmet r ic  and symmetr ic  C-H stretching vibrat ion 
of a CH2 group at  2926 and 2854 cm -1, and the CH2 
deformation band at  1464 cm -1. Other  significant peaks 
are the carbonyl s t re tch at  1712 cm -1 and the peaks  a t  
1285, 939 and 724 cm -1 due to skeletal vibration. 

Figure 5 shows the FT-IR spec t rum of OA bound by SA 
from hexane, while Figure 6 shows this spectrum with the 
SA spec t rum {Fig. 1) subtracted.  The negative peak  a t  
3745 cm -~ indicates hydrogen bonding to SA as shown 
by the shift in the free silanol peak at  3740 cm -~ to form 
the broad band from 2500 to 2800 cm-L The involve- 
ment  of the carboxyl  oxygen of OA in hydrogen 
bonding is shown by the broadening of the carbonyl 
s t re tch at 1724 cm -~, relative to the one in Figure 4 
{1712 cm-1). Marshall  and Rochester I l l )  suggested tha t  
hydrogen bonding of an acid's carboxyl  hydrogen to a 
silanol's oxygen and a s imultaneous association of acid 
carbonyl  oxygen with the silanol hydrogen is the mos t  
likely complex formed. The bands  a t  3008, 2921, 2858 
and 1464 cm -1 for C-H s t re tching and deformation 
modes are only slightly shifted f rom those of pure OA, 
thus  indicating adsorpt ion of OA in a relatively un- 
changed form. 

Figure 7 i l lustrates the FT-IR spec t rum of SA mixed 
with equimolar (0.05M) OA and IPA in hexane. The 
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FIG. 4. The transmission Fourier transform infrared spectroscopy spectrum of oleic acid on a salt window. 
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FIG. 5. The Fourier transform infrared spectroscopy spectrum of oleic acid bound to silicic acid obtained by incubating 0.05M oleic acid 
in 100 mL hexane with 0.5 g silicic acid for 15 min and subsequent air drying. 
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FIG. 6. Fourier transform infrared spectroscopy (FT-IR) spectrum of oleic acid bound to silicic acid (Fig. 5) with the FT-IR spectrum of 
silicic acid (Fig. 1) subtracted. 
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FIG. 7. The FT-IR spectrum of oleic acid and isopropanol bound to silicic acid. This spectrum was obtained by incubating 0.05M oleic 
acid and 0.05M isopropanol in 100 mL hexane with 0.5 g silicic acid for 15 min and subsequent air drying of the adsorbent. See Figure 
6 for abbreviation. 

negat ive peak at  3745 cm -1 and broad peak at  2500 to 
2800 cm -1 again indicate a hydrogen-bonding interaction 
of OA and/or IPA with SA. The dominant  bands  in the 
C-H stretching region at  2926 and 2860 cm -1 indicate 
t ha t  OA is the principal adsorbed species. This is con- 
f i rmed by the large carbonyl  band at  1721 cm -1, which 
again is broadened to indicate hydrogen-bonding of the 
OA to the surface hydroxyl groups. The presence of IPA 
on the surface is shown by the small  band at  2975 cm -~, 
which matches  the C-H methyl  s t re tch of IPA. The C-H 
stretching vibrations and carbonyl vibration for adsorbed 
OA are less intense in Figure 7 than  in Figure 6. This sug- 
gests  tha t  less OA is adsorbed in the presence of IPA than  
in i ts  absence, as is reasonable and expected. While these 
diffuse reflectance spectra  are not  expected to be exact ly 
quantitative,  they are highly consistent  and reproducible, 
as shown in Table 1. This gives some suppor t  to the 

proposal  tha t  IPA displaces other adsorbates  in lipid 
sys tems  {2-4). 

These sys tems  may  be discussed in te rms  of equilibria 
in which there is (i) competi t ive adsorpt ion on the surface 
and (ii) competi t ive interactions in solution. The conclu- 
sion t ha t  species readily move between the surface and 
the solution phases  is shown by the desorption experi- 
ments  t ha t  follow. A fur ther  factor in this equilibrium 
sys tem is the likelihood tha t  the IPA hydrogen-bonds, or 
at  least  has polar interactions, with the carbonyl group 
of OA. This occurs when both  OA and IPA are present  
in the hexane solution; some of the OA is prevented from 
adsorbing on the surface by interaction in hexane with 
IPA. 

OA desorption. Figure 8 shows the effect of adsorbing 
OA from hexane and subsequent ly  washing the SA with 
hexane. The FT-IR spec t rum of SA {Fig. 1) has been 

TABLE1 

Reproducibility of Carbonyl Band Intensities at 1712 cm Obtained with Fourier Transform 
Infrared Spectroscopy 

Absorbance Date of 
Figure Adsorbate units analysis (in 1993} 

6 Oleic acid 0.63 June 22 
8 Oleic acid (hexane-washed) 0.60 July 8 
7 Oleic acid plus IPA a 0.50 June 28 

10 Oleic acid plus IPA (hexane-washed) 0.51 July 15 

aIPA = isopropanol. 
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hexane with 0.5 g silicic acid for 15 min, washing with 100 mL hexane, and then air drying the adsorbent. See Figure 6 for abbreviation. 

subtracted f rom tha t  of the hexane-washed adsorbent  
binding OA. The spectrum is similar to tha t  obtained after 
adsorpt ion before washing (Fig. 6), except tha t  the car- 
bonyl s t re tch and C-H vibrat ions are reduced a little, 
although quanti tat ive accuracy is not claimed to this level. 
This would indicate a small loss of OA from the adsor- 
bent. Because hexane cannot displace OA, the mos t  prob- 
able reason for this observation is tha t  an equilibrium bet- 
ween solution and surface OA with fresh pure hexane sol- 
vent  results in some OA going into the solution phase. 

The FT-IR spec t rum of SA, which has adsorbed OA 
from hexane and has been subsequent ly  washed with 
0.05M IPA in hexane, is given in Figure 9. The spec t rum 
of SA has been subtracted.  The carbonyl  peak  found on 
adsorpt ion in hexane (1719 cm -1) (Fig. 6) is much  
smaller, which indicates much reduced OA adsorption.  
However, the C-H stretch at  2980 cm -~ for methyl  
groups indicates adsorpt ion of IPA. The negat ive peaks  
at  2955 and 2860 cm -~ are an art ifact  of the subtraction, 
as explained above. The C-H deformation s t retch at  1465 
cm -1 is also reduced relative to Figure 6 and has a band 
shaped like the adsorbed IPA in Figure 3. The OA desorp- 
tion caused by IPA increases the proportion of bound IPA 
relative to bound OA. This is consis tent  with IPA com- 
pet ing  for surface sites and interact ing with OA in solu- 
tion, which makes  OA carbonyl groups less available for 
adsorption. 

Figure 10 shows the adsorpt ion of OA with IPA in hex- 
ane followed by washing with hexane. The OA binding is 
less than  in Figure 8, where no IPA was used, as shown 
by the smaller C-H stretches at  2955 and 2860 cm -1 

and smaller carbonyl  s t re tch at  1712 cm -1. There is lit- 
tle adsorbed IPA, as shown by the small intensity at 2975 
cm -1 and the shape of the 1465 cm -1 band. As in Figure 
8, washing with pure hexane has only a small effect on 
the adsorbed OA. 

Figure 11 shows the adsorpt ion of OA with IPA in hex- 
ane, followed by washing with 0.05M IPA in hexane. As 
shown in Figure 7, adsorpt ion from an equimolar mixture  
of OA and IPA yields a spec t rum tha t  shows mos t ly  OA 
on the SA surface. Washing with IPA in hexane removes 
mos t  of the OA from the surface and deposits  IPA, as 
shown by the IPA methy l  band at  2975 cm -1 and the 
lack of an appreciable carbonyl  band a t  1712 cm -1. This 
confirms the effect of washing with IPA in hexane shown 
in Figure 9. 

The diffuse reflectance spectra are highly reproducible. 
When two silica samples  from the same source were 
analyzed at  a three-month interval, both  spectra were like 
the one in Figure 1. Subtract ion of the two spectra  pro- 
duced a reasonably flat  baseline with a noise level of ap- 
proximate ly  0.05 absorbance units  in the OH stretching 
region from 3000 to 4000 cm -~ and a high noise level in 
the unusable  Si-O s t re tching region from 1250 to 1400 
cm -1 (data not  shown). There was a low noise level in all 
other regions down to 600 cm -1. The signal-to-noise ratio 
in the region of the peaks  used for in terpreta t ion is good. 
The spectrum of adsorbed OA with SA (Fig. 5) shows that,  
even in the presence of SA (Fig. 1), the C-H bands  
(2800-3000 cm -1) and the carbonyl band (1712 cm -1) are 
obvious. However, their  precise shape is be t ter  revealed 
by subt rac t ing  the SA spec t rum (Fig. 7), which is used 
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FIG. 9. The FT-IR spectrum of silicic acid binding oleic acid. This spectrum was obtained after incubating 0.05M oleic acid in 100 mL 
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in the discussion. In subsequent studies, only the sub- 
traction data are presented. OA adsorption was re- 
peated three months after the original experiment and 
produced essentially the same spectrum, illustrating the 
reproducibility of the technique. Table 1, describing the 
intensity of the carbonyl stretch at 1712 cm -1, also 
demonstrates the consistency of the data. Because 
washing with hexane has relatively little effect on the 
amount of OA adsorbed, the runs made with and without 
washing are essentially duplicate determinations. Table 
1 shows that absorbances for the two OA adsorption runs 
are close together, as are the runs with OA and IPA. 
However, the runs with OA and the runs with added IPA 
are significantly different. Thus, the FT-IR diffuse re- 
flectance technique, with subtraction, gives highly repro- 
ducible data. 

It  has been previously suggested that binding of an 
organic acid to a silica surface occurs through the double 
hydrogen bond structure shown in Scheme 1 (11). The 
spectra in this paper show clearly the formation of H-bond 
1 because of the broadening of the carbonyl band of OA 
and the shift in the O-H band of SA. However, there is 
no direct spectral evidence either for or against the forma- 
tion of H-bond 2. The complexing of IPA to OA in hex- 
ane solution may occur through a complex like that  in 
Scheme 2. 

The experimental data may be understood in terms of 
equilibria between OA, IPA and SA as shown in Equa- 

tions 1-3, where 
species. 

H-bond-1 ._o___J.;o_s,(_ 
O--H'X, 

H-bond-2 
S C H E M E  1 

subscripts indicate a surface-bound 

OA + IPA ~- (OA*IPA) [1] 

OA + SA~-OA s [2] 

IPA + SA ~- IPA s [3] 
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O---H CH3 

R - - C  O - - C - -  H ,, . \ 
O- -H  CH3 

SCHEME 2 

The species OA*IPA m a y  represent  a hydrogen-bonded  
species, as shown in Scheme 2, or it m a y  represent  polar  
in terac t ions  be tween OA and IPA. 

To summarize ,  FT-IR studies  showed t h a t  OA and  IPA 
b o t h  hydrogen-bond  to SA from a hexane solution. The  
OA in terac t ion  is t h r o u g h  the  ca rbony l  group. E v e n  
t h o u g h  IPA does compet i t ive ly  desorb  OA, the  d a t a  in- 
dicate t ha t  OA is bound  to a greater extent  than  IPA when 
they  are present  in equimolar  a m o u n t s  in solution. The 
ex ten t  of OA adsorp t ion  on SA is also affected by  a solu- 
t ion  in teract ion be tween OA and IPA. 
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