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Abstract Naphthenic acids cause corrosion in the

equipment used in the petroleum processing. Considering

difficulties in the identification of the compounds present in

the petroleum sample, it is necessary to study new meth-

odologies to identify or remove the acid compounds from

complex matrix. Solid phase extraction (SPE) with ionic

phases has been used for this purpose, because it promotes

greater selectivity, lower consumption of solvents and

small amount of the stationary phase. The proposed study

is the recovery of acid compounds using SPE method. An

ionic silica based hybrid material containing the pyridini-

um group was developed and used as stationary phase

(SiPy). Linear and monocyclic acids were used as standard

mixture in the SPE for calculation of recovery. Further

tests were performed with Brazilian petroleum. The SiPy

stationary phase showed satisfactory results for the recov-

ery and identification of the acidic compounds presented in

the standard mixture as well as in the resin fraction from

petroleum.

Keywords Solid phase extraction � Naphthenic acids �
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1 Introduction

The petroleum is constituted basically of organic chemical

compounds with hydrogen and carbon and other minority

compounds, such as nitrogen, sulfur, oxygen and some

metals. The average percentage in weight of each chemical

element present in the petroleum is 11–14 % of hydrogen,

83–87 % of carbon, 0.06–8 % of sulfur, 0.11–1.7 % of

nitrogen, 0.1–2 % of oxygen and up to 0.3 % of metals

(Thomas et al. 2004). Even in small amount the, oxygen-

ated compounds found in the petroleum are a problem in

the refine process, mainly carboxylic acids known in the

industry as naphthenic acids. These compounds are corro-

sion agents in petroleum refining equipment (Wu et al.

2004). The naphthenic corrosion occurs in the refine

equipment in which the temperature is between 220 and

400 �C. At temperatures higher than 400 �C the naphthenic

acids break down, forming a protective coating in the

refinery equipment (Clemente and Fedorak 2005). The

naphthenic corrosion depends on the presence and nature

of a determined acid group, of size and structure of the

naphthenic acid (Damasceno et al. 2014; Gruber et al.

2012). Considering that, the corrosion in the refinery

equipment is caused by specific naphthenic acids, which

are present in low concentration in the crude oil, some

analytical procedures related to these acids have been

developed (Purcell et al. 2007; Nielsen et al. 2008).

The liquid–liquid extraction (LLE) and SPE using

Amberlyst 25 were applied by Borgund et al. (2007) to

extract acid compounds from petroleum. According to

these authors, when the SPE technique was applied, the
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amount of acids extracted was three times greater than

those obtained by LLE. Indeed, the SPE is a technique that

has been used to concentrate and separate naphthenic acids

from petroleum. One can verify that the SPE methodology

using the ionic exchangers has been already reported. Some

commercial ionic exchange resins were applied as sta-

tionary phase in the SPE process for this purpose. Jones

et al. (2001) used a quaternary amine (strong anion

exchanger - SAX) to isolate the aliphatic and naphthenic

acids from the crude oil samples. According to these

authors this methodology is effective in the separation of

acid compounds from light and heavy oils. Campos et al.

(2006) performed the isolation of acids fraction through the

SPE technique with an ionic exchange resin (Amberlyst

27). By using this stationary phase, it was possible to

obtain a pure acid fraction, which allows the analysis and

identification of the acid compounds present in the petro-

leum. More recently, de Conto et al. (2012) developed a

new stationary phase, Dab-Al2O3, i.e. alumina modified

with an ionic quaternary ammonium group to be applied in

the acid compound removal from Brazilian petroleum,

using SPE methodology. The authors tested the Dab-Al2O3

using, firstly, a standard mixture composed by acid com-

pounds and afterwards with a petroleum fraction. The

efficiency of the Dab-Al2O3 in the acid compounds

removal was compared with the two commercial anionic

exchanges (SAX and NH2). It was observed that the Dab-

Al2O3 shows greater extraction of acid compounds from

petroleum matrix than that of the two commercial sta-

tionary phases.

Therefore, the proposal of this work is to develop a

silica based hybrid material containing ionic pyridinium

group, to be applied as stationary phase, aiming to optimize

and improve the acid naphthenic removal from petroleum

matrix using the SPE technique.

2 Experimental

2.1 Synthesis of the ionic silica based hybrid material

The synthesis of hybrid material was adapted from de

Menezes et al. (2012). The synthesis was prepared by the

sol–gel method. Tetraethylorthosilicate (TEOS) and

3-chloropropyltrimethoxysilane (CPTMS) were used as

precursor reagents, both from Aldrich. It was used 90 %

(molar) of TEOS (50 mL) and 10 % (molar) of CPTMS

(4.5 mL). The HF (Merck) was used as catalyst. Firstly, the

TEOS was pre-hydrolyzed by adding 80 mL of ethanol and

8.0 mL of distilled water, with constant stirring for 2 h, at

room temperature. Subsequently, it was added CPTMS.

The mixture was stirred for 40 min, at room temperature,

followed by temperature increasing to 40 �C for gelation.

Afterward, the material was dried in vacuum at 110 �C.

The second step consists in the grafting reaction of pyridine

using 6.5 g of the hybrid material obtained in the first step.

The material was immersed in 70 mL of pyridine in tolu-

ene solution (2.5 mol L-1) and heated, at reflux tempera-

ture, for 24 h. The solid was separated, washed with

toluene, ethanol, ethyl ether, and heated at 50 �C under

vacuum. The resulting ionic silica based hybrid material,

which contains the pyridinium group, was designated as

SiPy. This material was packaged in the SPE cartridge.

2.2 Characterization of SiPy

The carbon and nitrogen elemental analyses on SiPy

material, previously treated at 180 �C for 1 h, was carried

out in a Perkin-Elmer analyzer, model 2400. The analysis

was made in duplicate. To determine the amount of

exchangeable chloride ions, 100 mg of the solid was

immersed in 30 mL of 0.1 mol L-1 HNO3 solution and the

displaced chloride ions in the solution phase were titrated

with standard AgNO3 solution, using potentiometric

method. The determination was carried out in duplicate.

The SiPy material was submitted to transmission FTIR

analysis using an IR cell that allows obtaining spectra of

sample after heat treatment in vacuum, without air expo-

sition. The IR cell was described elsewhere in detail (Pavan

et al. 2002). Self-supporting disk of the SiPy material, with

a diameter of 2.5 cm, weighing ca. 100 mg was prepared.

The disk was heated at 200 �C, under vacuum (10-2 Torr)

for 1 h. The spectrum of the SiPy was obtained at room

temperature, using a Varian 640 FT-IR Spectrometer, with

a resolution of 4 cm-1 and 150 cumulative scans.

The thermogravimetric analysis (TGA) of the SiPy was

performed under nitrogen flow on a TA Instrument system

model TGA Q5000, with a heating rate of 20 �C min-1,

from room temperature up to 700 �C.

The N2 adsorption/desorption isotherm of SiPy was

determined at the boiling point of liquid nitrogen, using

Micromeritics 3020 Krypton equipment. The SiPy was

previously degassed at 120 �C under vacuum for 10 h. The

specific surface area was determined by the BET (Bru-

nauer, Emmett and Teller) multipoint technique and the

pore size distribution was estimated using the BJH (Barret,

Joyner and Halenda) method (Gregg and Sing 1982).

2.3 Standard mixture and petroleum fraction samples

The general formula for carboxylic acids is CnH2n?ZO2,

where Z is zero or negative, related to hydrogen deficiency

and formation of a ring. An acyclic compound has Z equal

to zero, a compound with a single ring has Z = -2, a

compound with two rings has Z = -4 and so on (Clemente

and Fedorak 2005). Four acyclic acids (Z = 0) with carbon
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chain C12, C14, C20, C22 and three single ring cyclic acids

(Z = -2) C6, C7, C8, were employed and their chemical

structure are represented in Fig. 1. The standard mixture of

acids was prepared at concentrations of 10 mg L-1 in

dichloromethane for acyclic and cyclic acids. The acid

mixture was placed on top of the SPE cartridge and aspi-

rated in a low vacuum, conform described in item 2.4. The

procedure was performed in triplicate.

The petroleum sample used in the SPE process was

called B1 (24.6 oAPI and total acid number 0.5 mg KOH/

g). Firstly, the petroleum was fractionated in saturates,

aromatics, resins, and asphaltenes (SARA fractionation

method). SARA fractionation was adapted according to the

procedure described in a previous study (Kharrat et al.

2007). The resin fraction (RF) was separated, in order to

verify the efficiency of removal acid compounds from

petroleum by the SiPy stationary phase. The RF was for-

tified with standard acids to verify the matrix effect. The

acids were identified by comparison with the reference ions

presented by Clemente and Fedorak (2004).

2.4 SPE procedure

The SPE procedure was described in a previous work (de

Conto et al. 2012), using the SiPy stationary phase. The

SPE cartridge, with 500 mg stationary phase, was condi-

tioned with 5 mL of hexane. Then, 10 mL of the standard

sample was eluted through the column and the interfer-

ences were removed by elution with 10 mL of hexane. The

recovery of the acid fraction was carried out by the elution

with 20 mL of ethyl ether, containing 10 % (v/v) of formic

acid. Afterwards, 10 mL of methanol were allowed to flow

through the cartridge for recovery of polar compounds that

could still be adsorbed on the stationary phase. Subse-

quently, the acidic fraction was dried under N2 flow and

dissolved in 1 mL of dichloromethane (DCM) for later

analysis.

2.5 Chromatographic analysis

The acidic fraction was derivatized before the chromato-

graphic analysis with N-tert-butyldimethylsilyl-N-methyl-

trifluoro aceta-mide (MTBDSTFA) (de Conto et al. 2012).

The samples were dissolved in 900 lL of DCM and

100 lL of ethyl laurate solution 500 mg L-1 (internal

standard). The chromatographic analyses were performed

on a Shimadzu model QP– 2010 Plus gas chromatograph

coupled to a mass spectrometry detector (GC/MS). The

capillary column used was OV-5 (methyl silicone 5 %

phenyl groups) with a 0.25-mm internal diameter, 0.25-mm

thickness film of the stationary phase, and 30 m length.

The chromatographic conditions were injection mode

splitless, injector and interface temperature of 280 and

300 �C, respectively, and the injected volume was 1 lL.

The mobile phase was helium gas with flow rate of

1 mL min-1. The temperature program was started at

85 �C for 1 min, heated at 2 �C min-1 up to 280 �C, and

left at this temperature for 10 min.

3 Results and discussion

3.1 SiPy characterization

The SiPy material was obtained in two steps. Firstly, a

silica xerogel containing chloropropyl group was synthe-

sized. The second one consists in the reaction of pyridine

with these chloropropyl groups leading to a silica based

hybrid material that contains the pyridinium ionic group,

covalently bonded to the silica surface. A schematic rep-

resentation of the SiPy structure is shown in the Fig. 2.

The SiPy material was submitted to carbon and nitrogen

elemental analyses and the obtained values were 1.14 and

0.94 mmol of pyridinium group per gram of SiPy, respec-

tively. It was also determined the amount of exchangeable

chloride ions by potentiometric analysis using ion-selective

electrode. The obtained value was 0.95 mmol of chloride

ion per gram of SiPy. The presence of chloride ion is an

indication that pyridine reacted with chloropropyl group,

confirming that the silica based hybrid material, containing

the pyridinium group, was successfully obtained (Gushikem

et al. 2008). Additionally, the obtained values for the

amount of pyridinium group, estimated by using these

Fig. 1 Naphthenic acyclic (Z = 0) and single ring cyclic (Z = -2)

acids of standard mixture
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elemental analyses (CHN and chloride potentiometric

analysis), were very similar, near to 1.0 mmol of pyridini-

um group per gram of SiPy.

The structure of the silica based hybrid material was

confirmed by the infrared analysis shown in Fig. 3. It can

be observed a typical spectrum of hybrid material, with

both components, organic and inorganic moieties. The

inorganic component can be identified by the typical silica

overtone bands at 1980 and 1865 cm-1 (Maniar et al.

1990) and the silanol stretching bands at 3670 cm-1 (Costa

et al. 1997). The organic component is clearly identified by

the bands at 1635 and 1487 cm-1 corresponding to the

pyridine ring modes (Benvenutti et al. 1992). The presence

of pyridinium ion bands in the spectrum of the SiPy

material, heat treated at 200 �C, under vacuum, is an

evidence of the high thermal stability of the organic group,

confirming that the pyridine group is covalently bonded on

the SiPy surface (de Menezes et al. 2012).

The SiPy material was also submitted to thermogravi-

metric analysis. The obtained TGA and DTG curves are

presented in the Fig. 4. It can be observed two main events.

The first, a weight loss that appears between room tem-

perature and 100 �C, which was assigned to the water

desorption. According to Arenas et al. (2003) ionic silica

based hybrid materials can absorb larger amounts of water,

due to the ion–dipole interactions. The second one is a

major weight loss that occurs between 200 and 370 �C, and

it was assigned to the organic moiety desorption or

decomposition. Therefore, the SiPy material showed a

good thermal stability up to 200 �C, in accordance to the

infrared analysis.

In the Fig. 5a, it is presented the textural analysis of

SiPy. It is possible to observe that the adsorption/desorp-

tion isotherm is type IV, typical of mesoporous material.

The BET specific surface area was 155 ± 5 m2 g-1 and the

BJH pore volume was 0.47 ± 0.01 cm3 g-1. The pore size

distribution curve is shown in the Fig. 5b. It can be seen

that the SiPy material presents a narrow pore size distri-

bution with a maximum near to 10 nm. These character-

istics are desirable and allow the use of SiPy as adsorbent

material.

3.2 Acid compounds recovery from standard mixture

The results obtained by eluation of the standard acid

mixture using SiPy as stationary phase are shown in the

Fig. 6.

Fig. 2 Schematic representation of SiPy material

Fig. 3 Infrared absorption spectrum of SiPy material obtained at

room temperature, after heat treatment at 200 �C, in vacuum

Fig. 4 Thermogravimetric analysis of SiPy. a TGA curve, b DTG

curve
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As seen in the Fig. 6, the acyclic acid recovery was

better than the cyclic acid in mass base (wt%). This result

was expected because the cyclic acid has more interaction

with the stationary phase due to its lower pKa compared

with the acyclic acids (de Conto et al. 2012). According to

Leenheer et al. (1995) cyclic acids have lower pKa when

compared with acyclic acids with the same number of

carbons, so the adsorption of the cyclic acid in the ionic

exchange stationary phase has higher interaction force than

the acyclic acid. This fact decreases the cyclic acid

recovery. Within cyclic acids the pKa decreases with the

ring size, i.e. the cyclichexanecarboxylic acid (C7) have

pKa value lower than cyclicpentanecarboxylic acid (C6).

This fact explains the lower recuperation of the C7, due to

its higher interaction with the stationary phase, hindering

the recuperation of this acid (Bhat et al. 1978). Further-

more, the presence of electron-donor groups, as–CH3,

decreases the acidity of cyclic acids, so C8 has the pKa

value higher than C6 and C7 acids and presents lower

interaction with the stationary phase, which increases its

recuperation from stationary phase.

The acyclic acids recovery was close to 50 % for acid

compounds that contain carbon chains of C12, C14 and

close to 60 % for acid compounds C20 and C22. In the work

of Jones et al. 2001 it was shown an acid compounds

recovery of 98 ± 10 % for C14 and 81 ± 12 % for C22,

using SPE technique and SAX (commercial phase) as

stationary phase. One can verify that the percentage of the

acids recovery in Jones’s work was higher than the one

obtained in the present work. However, it is important to

emphasize that, in the present work, only 0.5 g of sta-

tionary phase and 20 mL of solvent were used, while in

that work, it was used used 10 g and 55 mL, respectively.

Therefore, the SiPy material showed efficiency in the acid

compounds recovery.

In previous report, de Conto et al. (2012) used three

different stationary phases (SAX, NH2 and Dab-Al2O3)

for acid compounds recovery, using the same amount of

solid phase and solvent of the present work. Comparing

with that report, the acid recovery was higher in the

present work, almost twice as much for C6, C7, C8. This

fact should be emphasized, because the cyclic naphthenic

acids recovery is a challenge in the field of analytical

chemistry due to the strong adsorption on the stationary

phase and consequently, making difficult the elution of

these compounds.

Regarding the acyclic acids, the percentage of recovery

in the present work was similar to the results found by de

Conto et al. (2012). However, it is important to emphasize

Fig. 5 Textural analysis of SiPy: a adsorption/desorption isotherm and; b BJH pore size distribution

Fig. 6 Percentage of the acid compounds recovery from the standard

mixture
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that the surface area of SiPy material used here, is lower

than the surface area of SAX, NH2 and Dab-Al2O3 solid

phases.

3.3 Acid compounds recovery from petroleum

The extraction of acid compounds in the petroleum matrix

was performed by SPE, using the resins fraction (RF)

obtained from the pre-fractionation (SARA). The extrac-

tion of acid compounds was performed with pure RF and

RF spiked with a mixture of standard acids, so that the

matrix effect could be evaluated. Figure 7 shows the

chromatograms obtained by GC/MS analysis of the extracts

from both samples, RF and RF spiked, using the stationary

phase SiPy.

The chromatogram of Fig. 7a shows that it was possible

to extract seven acyclic acids (C11 to C18, except the C15)

and only one monocyclic acid (C18) by SPE process and

using SiPy as stationary phase. In the Fig. 7b, it can be

observed that the standard acids added in the sample were

identified.

The recovery of the standard acids added in the petro-

leum sample was 25–48 % for the cyclic acids, and

55–83 % for the acyclic acids. These results show that the

other compounds present in the petroleum matrix do not

influence the recovery of acidic compounds in this fraction

of petroleum.

4 Conclusion

The silica based hybrid material, SiPy, which contains the

ionic pyridinium group, was successfully synthesized. The

organic moiety is very thermally stable, at least to heat

treatment at 200 �C. The SiPy material can be classified as

mesoporous adsorbent that allows its use as stationary phase

for acidic compounds recovery from petroleum resins frac-

tion. The use of SiPy as stationary phase, to recover cyclic

and acyclic acid compounds, showed satisfactory results,

regarding their identification and quantification, in the stan-

dard mixture, as well as, in the resin fraction from petroleum.

This result is promising because the recovery of cyclic acid,

mainly those with short chain and high polarity, from com-

plex matrixes is a challenge to the analytical chemistry.
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