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A rapid technique based on microwave-assisted extraction (MAE) coupled online with derivatization,

restricted access material cleanup, and high-performance liquid chromatography (HPLC) was

developed for the determination of formaldehyde in aquatic products. Formaldehyde was first

extracted with water under the action of microwaves and then directly introduced into a derivatiza-

tion reservoir containing 2,4-dinitrophenylhydrazine (DNPH). The formaldehyde-DNPH derivative

(100 μL) was loaded into a restricted access material (RAM) precolumn for online cleanup.

Subsequently, the analyte was transferred from the precolumn to an analytical column and

determined by UV absorption spectrum at 352 nm. The limit of detection (LOD) was 0.27 mg

kg-1. The intraday and interday precisions expressed as RSDs were 3.5% and 5.0%, respectively.

This method was applied to determine the presence of formaldehyde in various aquatic products.

The results were in agreement with those obtained by the state standard method (steam-distillation

and offline HPLC analysis) used in China and higher than those obtained by the online ultrasound-

assisted extraction (UAE) method. The recoveries obtained by analyzing 11 spiked aquatic products

were in the range of 70.0%-105.0%. The online technique was demonstrated to be rapid with little

consumption of samples and reagents.
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INTRODUCTION

Formaldehyde is a potential mutagen and carcinogen, which
also can result in muscle toughening and water loss in aquatic
products (1, 2). It is forbidden to be used as a food additive in
China (3 ). However, it is often used illegally in the food proces-
sing industry because the addition of formaldehyde can prolong
the storage life of some foodstuffs and give a face-lift by changing
their color and smell. Moreover, enzymatic degradation of
trimethylamine oxide in aquatic products during postmortem
storage also can generate dimethylamine and formaldehyde
(4-6). The United States Environmental Protection Agency has
set an acceptable daily intake (ADI) of 0.2 mg/kg bodyweight for
this chemical (4 ). The limit amounts of formaldehyde proposed
by the Italian Ministry of Health are 60 and 10 mg kg-1 for
gadidae and crustanceans, respectively (2 ). A rapid method for
the determination of formaldehyde in aquatic products at low
concentration level is required.

Online analysis technique has received a great deal of attention
in recent years. The advantages of the technique are reduction
of analysis time, reagent and sample consumption, and analyte

loss (7 ). An onlinemethod based on dynamic ultrasound-assisted
extraction (UAE) coupled with solid support derivatization and
high-performance liquid chromatography (HPLC) has been
developed and successfully applied to the determination of
formaldehyde in textile samples (8 ). However, the method was
not suitable for analysis of the food samples, such as aquatic
products. The most important reason is that the matrices of the
aquatic products are complex, consisting of a great amount of
protein and fat (5 ). A cleanup step must be included for the
separation of the formaldehyde derivative from the matrix before
chromatographic analysis. The extract containing protein and fat
was also not suitable for solid support derivatization, which
would block the derivatization column. Another reason is that
some formaldehyde in aquatic productswere bondedwithprotein
(4 ); the ultrasound technique was not effective enough for the
extraction of formaldehyde fromaquatic products in a short time.

Steam distillation was used as the standard method in China
for extracting formaldehyde from aquatic products (9 ). Its
disadvantages are the consumption of a large amount of solvent
and the long extraction time. Microwave-assisted extraction
(MAE) has received increasing attention as a potential alternative
to traditional solid-liquid extraction methods (10, 11). Over the
past few decades, MAE has been used in an offline mode for
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accelerating the sample preparation process. Online MAE has
also been used in recent years, allowing the automation of the
preliminary step of the analytical process (12-21).

In the determination of formaldehyde, the cleanup of the
complex sample extract was usually carried out by liquid-liquid
extraction (LLE) (22 ), solid-phase extraction (SPE) (23 ), or
solid-phase microextraction (SPME) (4, 24). The SPE coupled
to HPLC has been widely used in online analysis with column-
switching (25 ). Development of special and selective sorbents is
very important for SPE. Among different sorbents, restricted
access material (RAM) is designed specifically for the removal of
macromolecules partially based on a size-exclusion mechanism.
Only small molecules are able to penetrate into the pores ofRAM
and interact with a stationary phase bonded on their inner
surface, while largemolecules are elutedwith the washing solvent.
The RAMwas mainly used in the biological area for the removal
of protein (26, 27). It also can be used for analyzing environ-
mental samples for the removal of humic substances (28, 29).
However, its applications in analyzing food samples were still
scarce (30, 31).

This research was aimed at the design of an online approach
for the determination of formaldehyde in aquatic products
involvingMAE, 2,4-dinitrophenylhydrazine (DNPH) derivatiza-
tion, RAM cleanup, HPLC separation, and UV detection. This
method was applied to an analysis of different aquatic products
and compared with the state standard method (offline steam-
distillation) used in China and the online UAE method.

MATERIALS AND METHODS

Chemicals and Samples. Chromatographic grade acetonitrile
(ACN) was purchased from Fisher (Pittsburgh, PA, USA). Guaranteed
grade formaldehyde (100 μgmL-1) as a standard solution was purchased
from Guangfu Fine Chemical Research Institute (Tianjin, China). Pure
water was obtained by the Milli-Q water purification system (Millipore,
Bedford, MA, USA). Other chemicals were of analytical grade. Eleven
aquatic product samples belonging to pisces (hairtail, yellow croaker,
cod, catfish, and whitebait), cephalopoda (squid and cuttlefish), ho-
lothuroidea (sea cucumber), crustacea (shrimp), gastropoda (npatunede
cumingi), and scyphozoa ( jellyfish) were obtained from local markets.
Their producing area is Dalian (China). These products were chosen and
analyzed because the formaldehyde in them was detectable according to
the previous studies (4, 32).

Instruments. An online system was assembled in our laboratory. In
this system, a TM010 microwave resonance cavity built in the laboratory
was applied as the microwave coupling device. The schematic diagram
and some other information of the microwave device were represented in
the literature (33, 34). A WGY-20 Microwave generator (Letter Swan,
Changchun, China) with a maximummicrowave output power of 100W
was used. The extraction vessel (60 mm long, I.D. Three mm) was made
of polytetrafluoroethylene. Two FI-2100 peristaltic pumps (Haiguang,
Bingjing, China) and a P230 high pressure pump (Elite, Dalian, China)
were used. AnAgilent 1100 liquid chromatograph (Palo Alto, CA, USA)
was used, which was equipped with a quaternary pump, a heated column
compartment, a UV detector, and a LC workstation. A Symmetry C18
column (150 mm � 4.6 mm I.D., 5 μm) was used as the LC analytical
column (Waters,Milford,MA,USA). ACapcell PakMFPh-1 (20mm�
4.0 mm I.D., 5 μm) column packed with RAM was obtained from
Shiseido (Tokyo, Japan). A KQ 2200E ultrasonic bath (Ultrasonic
Instrument, Kunshan, China) was used.

Analytical Procedure. A 0.1 g minced sample was weighed accu-
rately and placed between two small plugs of glass fiber, which had
been pretreated by methanol. Then the extraction vessel was put in
the microwave resonance cavity. Five milliliters of DNPH solution
(80 μg mL-1) dissolved in the NaH2PO4 buffer (pH 4.0) was added into
the derivatization reservoir.

Step 1 (5 min): 5 mL of extraction solvent (water) was passed through
the extraction vessel at the flow rate of 1.0 mL min-1. When the
extraction vessel was properly filled with water, microwave heating

was started with a power of 50 W, and the two tuning screws were
adjusted to get the lowest reflected power. The formaldehyde extracted
with water under the action of microwaves was transferred from the
extraction vessel to the derivatization reservoir and derivatized by
DNPH at 60 �C.

Step 2 (6 min): when the extraction was completed, the derivatization
reaction was delayed 5 min again to ensure complete reaction. Subse-
quently, the formaldehyde-DNPH derivative was cooled and driven
into the 100 μL sample loop. At the same time, the RAM column was
conditioned in sequence with 3 mL of ACN and 3 mL of 5% ACN
aqueous solution at the flow rate of 1.0 mL min-1.

Step 3 (5 min): when the sample loop was filled, the formaldehyde
derivative in the sample loop was introduced into the RAM column, and
the matrix was washed out by 4 mL of 5% ACN aqueous solution at the
flow rate of 1.0 mL min-1. At the same time, the baseline of the detector
was established by the chromatographic mobile phase of 50% ACN
aqueous solution.

Step 4 (10min): the analyte trapped on theRAMcolumnwas eluted in
the back-flush mode into the LC column with the mobile phase at a flow
rate of 1.0 mL min-1. The transfer time was 1.5 min. The analyte
separated by the LC column was monitored at 352 nm.

Steam Distillation and Offline HPLC Analysis (Standard

Method). The steam distillation and offline HPLC determination of
formaldehyde in aquatic products were performed according to the state
standard method used in China (9 ). Ten grams of the minced sample was
put into a 250 mL distillation flask, and 20 mL of pure water was added
into it. This mixture was stirred and laid up for 30 min. Subsequently,
10mL of 10%phosphoric acid aqueous solution was added into it.Water
vapor generated from the boiling water in a flask was introduced
continuously into the distillation flask to distill the sample. The vapor
from the distillation flask was condensed and collected into a 250 mL
round-bottom flask, which was immersed in a water bath. The distillation
process was stopped when 200 mL of the distillate was collected.

One milliliter of the distillate was filtered and transferred into a test
tube in which 0.2 mL of DNPH reagent was added. The test tube was
tightly capped and placed in a 60 �C water bath for 15 min to form the
derivative. The derivative was mixed with 2 mL of dichloromethane and
centrifuged for 2 min at 3000 rpm. The supernatant was isolated and
extracted with 1.0 mL of dichloromethane twice again. The lower layer
solutions were combined and dehydrated by anhydrous sodium sulfate.
Subsequently, the solution was evaporated to dryness at 60 �C, and
the residue was reconstituted with 1.0 mL methanol and filtered with
a 0.45-μm filter. An aliquot (20 μL) was injected into the HPLC for
offline analysis.

RESULTS AND DISCUSSION

Online Cleanup Conditions. A Capcell pak MF Ph-1 column
packed with RAMwas used as the precolumn for the cleanup of
the extract. The material in this column possesses long hydro-
philic polyoxyethylene chains and hydrophobic phenyl groups
on the surface of 80 Å silica in order to limit the access of large
molecules such as proteins and retain small molecules longer
(35 ). This column has been widely used in the analysis of
biological samples (36-38). In this work, 4.0 mL of 5% aqueous
ACNwas selected as washing solvent in order to efficiently wash
the sample matrix. The flow rate was set at 1.0 mL min-1.

When the cleanup step was completed, the transfer of the
analyte from the precolumn to the analytical column is a critical
step. If the time is too short, a poor recovery of the analyte is
observed. If the time is too long, many endogenous compounds
can be transferred to the analytical column, which will affect the
long-term performance of the assay. A transfer time of 1.5 min
in the back-flush mode was found to be ideal for the assay.

Online Derivatization Conditions. In the determination of
formaldehyde, the most often used derivatizing reagent before
chromatographic analysis is DNPH, which reacted with for-
maldehyde to form the corresponding hydrazone (39, 40). In
this work, DNPH was also used as the derivatizing reagent.
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The extraction and derivatization was performed simulta-
neously in the study, but when the MAE was completed, the
derivatization was delayed a few minutes to ensure complete
reaction. Several parameters affecting the performance of the
online derivatization, such asDNPHconcentration, pHvalue of
buffer solution, derivatization temperature, and delay time for
derivatization, were optimized by introducing 5 mL of formal-
dehyde standard solution (2.0 μg mL-1) into the derivatization
reservoir (Figure 1). The followed procedures were the same as
those described in the analytical procedure in the section of
Materials and Methods. When one parameter was changed,
other parameters were fixed at their optimized values.

The effect of concentration of DNPH dissolved in NaH2PO4

buffer solution (0.1 mol L-1, pH 4.0) from 13.2 to 132 μg mL-1,
which was equivalent to the molar ratio of DNPH/formalde-
hyde from 1 to 10, was studied (Figure 1a). The peak area
increased with the increase of DNPH concentration up to 66 μg
mL-1, which was equivalent to the molar ratio 5:1 of DNPH/
formaldehyde. In this work, 80 μg mL-1 of DNPHwas adopted
as derivatizing reagent in the following studies for achieving the
complete reaction. The pH values of the NaH2PO4 buffer
(0.1 mol L-1) used for the derivatization were varied from 2
to 6 (Figure 1b). The result indicated that the peak area was not
significantly different at pH values ranging from 3 to 5. In this
study, a pH 4.0 NaH2PO4 buffer was selected.

The effect of temperatures from 20 to 80 �C on the derivatiza-
tion was evaluated (Figure 1c). The peak area increased with the
increase of the temperature from 20 to 60 �C, and no significant
difference was observed above 60 �C. The derivatization tem-
perature of 60 �C was chosen in this study.

The effect of the delay time from 1 to 10 min on the
derivatization was investigated (Figure 1d). The peak area
increased with the increase of the delay time from 1 to 4 min
and did not change from 4 to 10min. In this work, the delay time
of 5 min was chosen.

Online MAE Conditions. A TM010 microwave resonance
cavity, which has been used as a microwave coupling device,
was also applied to concentrate the microwave energy in this

study. Pure water was selected as extractant because it has been
widely used for extracting formaldehyde from food samples
(40, 41). Other parameters affecting the performance of the
online MAE, such as the microwave power, extractant volume,
and extractant flow rate, were investigated (Figure 2). All
experiments were performed using one squid sample. When
one parameter was changed, the other parameters were fixed at
their optimized values. The extraction yield of formaldehyde
was defined as follows: extraction yield of formaldehyde (mg/
kg, w/w) = mass of formaldehyde extracted from aquatic
products /mass of aquatic products.

Generally, the higher temperature is profitable for accelerat-
ing extraction and reducing extraction time. The temperature of
the extraction medium increased with the increase of microwave
power. The experimental results demonstrated that the extrac-
tion yield of formaldehyde increased with the increase of
microwave power when the power is in the range of 20-40 W
and that the extraction yield did not significantly change from 40
to 80W (Figure 2a). In this work, the microwave power of 50W
was used. The sample temperature cannot be measured in real
time in the online system. The temperature of the extract can be
measured only offline when it just flowed from the extraction
vessel. It was 72 ( 1 �C when the microwave power was set at
50 W. The temperature of the extract before cleanup was also
measured offline and was 21 ( 1 �C. The real time temperature
measurement device for the online MAE will be studied in our
future work. Moreover, the extraction was performed at atmo-
spheric pressure.

The online MAE was evaluated by varying the extractant
volume passing through the extraction vessel (Figure 2b). The
experimental results demonstrated that the extraction yield of
formaldehyde increased with the increase of the extractant
volume from 2 to 4 mL and then was not significantly changed.
The small extractant volume is not enough to completely extract
the formaldehyde from the aquatic products. Five milliliters of
extractant was chosen in this work.

The extraction was investigated at the extractant flow rate
from 0.25 to 1.0 mL min-1. The results indicated that the

Figure 1. Influence of online derivatization parameters on the determination of formaldehyde, mean ( SD (n = 3).
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extractant flow rate had no significant effect on the extraction
yield ranging from 14.8 to 15.6 mg kg-1. But the slow extractant
flow rate would prolong the extraction time. In this study,
1.0 mL min-1 of the extractant flow rate was chosen.

Evaluation of the Online Method. The correlation coefficient
obtained by analyzing six formaldehyde standard solutions in
the linear range of 0.02-2.0 μgmL-1 was 0.9995. On the basis of
the amount of sample (0.1 g) and the volume of extract (5 mL),
the linear range also can be expressed as formaldehyde concen-
tration in aquatic products in the range of 1.0-100 mg/kg
aquatic products.

The blank signal present in the retention time of formalde-
hyde in the HPLC chromatogram is low and reproducible. This
phenomenon was also reported by Liu et al. (38 ). The limit of
detection (LOD), defined as the concentration corresponding to
a signal equal to three times the standard deviation of the blank,
was 0.27 mg kg-1.

The intraday precision was evaluated by assaying one squid
sample under the optimal conditions six times in one day. The
extraction yields of formaldehyde obtained were 15.0, 14.6, 15.7,
15.3, 14.9, and 14.2mgkg-1. The interday precisionwas evaluated
by assaying this sample once a day on six consecutive days. The
extraction yields of formaldehyde obtained were 14.8, 14.3, 15.6,
16.2, 15.9, and 14.7mgkg-1. The intraday and interday precisions
expressed as RSD were 3.5 and 5.0%, respectively.

Application of the Method. In order to demonstrate the
applicability of the proposed method, it was used for the
determination of formaldehyde in various aquatic products
(Table 1). The contents of formaldehyde in these aquatic
products were in the range of 3.2-29.6 mg kg-1. The results
obtained with the proposed method (online method) are in
agreement with those obtained by the state standard method
used in China (offline method). Therefore, the proposedmethod
with the LOD of 0.27 mg kg-1 was suitable for the determina-
tion of formaldehyde in aquatic products. The ADI values of
these aquatic products are in the range of 6.8-62.5 g/kg body
weight taking into account the ADI of formaldehyde (0.2 mg/kg
body weight). If the body weight of one person is 70 kg, the
amounts of these aquatic products that can be consumed daily
are in the range of 0.473-4.375 kg. However, this hypothesis is
not very optimistic since people usually do not only eat aquatic
products containing formaldehyde.

Ultrasound-assisted extraction (UAE) was also used for the
comparative study. The extraction vessel was placed in the
ultrasonic bath. The distance between the bottom surface of
the vessel and ultrasonic source is 10 mm. Other extraction
conditions were similar to those used in MAE. 0.1 g samples
were extracted with 5 mL of pure water at a flow rate of 1.0 mL
min-1 at 70 �C. The following derivatization, cleanup, and
determination were the same as those used in the proposed

online MAEmethod. The results in Table 1 indicated that UAE
was not suitable for the extraction of formaldehyde from
aquatic products. The contents of formaldehyde obtained by
UAE (1.7-18.4 g kg-1) were lower than those obtained byMAE
(3.2-29.6 g kg-1) and the standard method (3.0-27.3 g kg-1).

The recovery of formaldehydewas studied by adding a certain
amount of formaldehyde standard solution into the aquatic
products and then placing the spiked sample into the extraction
vessel. The vessel was sealed quickly and then left for 24 h. Three
levels of formaldehyde added into the samples were 2.0, 5.0, and
20.0 mg kg-1. The spiked samples were analyzed by the
proposed method. The recoveries of formaldehyde were in the
range of 70.0%-105.0%, 82.0%-106.0%, and 92.5%-102.0%
for the three concentrations, respectively (Table 2).

In summary, this work developed a rapid technique based on
the online coupling of MAE with derivatization, cleanup, and
HPLC determination. A TM010 microwave resonance cavity
applied to concentrate the microwave energy was used in the
MAE; thus, the extraction process was accelerated, and the
extraction time for one sample is 5 min. A Capcell pak MF
column packed with the restricted access material was used for
cleanup of the extract. The HPLC chromatogram without
interference peaks was obtained. The sample preparation and
analysis took place in a closed and automated system, which
avoided formaldehyde volatilization and exposure to the people.
Moreover, the reliability and repeatability of the method are
improved. The overall analysis time is greatly shortened in this
way, and one sample can be analyzed in less than 30 min. The
consumption of solvent was decreased as well. This method was
used to determine the presence of formaldehyde in various
aquatic products. The contents of formaldehyde in these sam-
ples were in the range of 3.2-29.6 mg kg-1.

Figure 2. Influence of online MAE parameters on the extraction yield of formaldehyde, mean ( SD (n = 3).

Table 1. Comparison of the Results Obtained by the Online MAE Method,
Online UAE Method, and Standard Method (Offline Method)

contents of formaldehyde in aquatic products (mg kg-1) (mean

( SD, n = 3)

samples

online MAE

method

online UAE

method

offline

method

hairtail 3.2 ( 0.1 1.7 ( 0.2 3.0 ( 0.1

yellow croaker 10.7 ( 0.4 8.2 ( 0.5 10.4 ( 0.5

cod 29.6 ( 1.1 18.4 ( 1.1 27.3 ( 2.8

catfish 11.3 ( 0.4 7.6 ( 0.5 12.4 ( 0.6

whitebait 15.4 ( 0.4 9.3 ( 0.7 14.2 ( 0.7

squid 15.1 ( 0.5 7.3 ( 0.4 14.6 ( 0.7

cuttlefish 7.3 ( 0.2 5.2 ( 0.3 6.5 ( 0.3

sea cucumber 20.3 ( 0.4 12.8 ( 0.5 20.7 ( 0.6

shrimp 6.7 ( 0.1 4.2 ( 0.1 7.4 ( 0.2

npatunede cumingi 14.8 ( 0.3 5.3 ( 0.3 15.1 ( 0.6

jellyfish 4.2 ( 0.2 2.7 ( 0.1 3.8 ( 0.2
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matic screening of soils for polycyclic aromatic hydrocarbons based
on microwave-assisted extraction/fluorescence detection and on-line
liquid chromatographic confirmation. J. Chromatogr., A 2004, 1050,
111–118.

(13) Serrano, A.; Gallego, M. Continuous microwave-assisted extraction
coupled on-line with liquid-liquid extraction: Determination of
aliphatic hydrocarbons in soil and sediments. J. Chromatogr., A
2006, 1104, 323–330.

(14) Crespı́n, M. A.; Gallego, M.; Valcárcel, M. Continuous microwave-
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0 4.2

jellyfish 2.0 6.1 95.0

5.0 9.1 98.0

20.0 24.0 99.0
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