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Abstract 

Pentachlorophenol (PCP) is a manmade chemical that is widely present in the environment and is mostly used 
as a wood preservative. Therefore, to conduct remediation studies, it is imperative to determine the most effective 
PCP analytical technique. PCP can be analyzed using a variety of analytical tools, including non-destructible methods 
like X-ray fluorescence spectrometry (XRF) and electrochemical sensors (EC), destructible tools like gas chromatog-
raphy (GC), thin layer chromatography (TLC), colorimetry, ultraviolet–visible and infrared spectroscopy (UV–vis/IR), 
and high-performance liquid chromatography (HPLC). the colorimetric approach is less recommended because of its 
low sensitivity and precision, whereas TLC offers superior recovery rates and precision but is expensive, takes longer, 
and is unable to resolve complicated combinations. Higher recovery rates, sensitivity, precision, and superior separa-
tion are all offered by HPLC; however, its effectiveness is impacted by time, money, and solvent compatibility. The 
most favored destructible approach is GC because it is efficient in terms of both cost and time and offers superior 
precision and separation. Although XRF is frequently used in the wood industry to test PCP in treated wood and treat-
ing solutions, scientific research has avoided using it because of its high cost and ability to identify chemicals based 
only on their elemental composition—in the case of PCP, it is chloride. Among all methods, EC is shown to be more 
dependable than the other methods listed because it is extremely specialized, less expensive, and offers a faster 
response. It is possible to make more changes to the current analytical techniques, such as enhancing extraction tech-
niques, creating a universal HPLC column, developing more affordable and high-precision EC electrodes, and evaluat-
ing a larger variety of samples from different matrices. This review has shed light on the many analytical tools available 
for determining PCP and the knowledge gaps in the field of study.
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The article titled “Comparative analysis of analytical instruments for the 
detection of pentachlorophenol in wood and environmental samples” 
elucidates mainly on available analytical instruments for the determination 
of organic pollutant pentachlorophenol (PCP). PCP was predominantly used 
as a wood preservative that is persistent in the environment. This review 
paper provides research gaps and possible new research ideas to improve the 
analysis of the samples with PCP. The article submitted also provides the best 
option among the available method or instrument for the detection of PCP. 
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Introduction
Pentachlorophenol (PCP) is an organochlorine com-
pound that is a phenol substituted with five chlorine 
atoms. It is primarily used as a wood preservative, but it 
also functions as a biocide, fungicide, herbicide, algae-
cide, disinfectant, defoliant, anti-sap stain and antimicro-
bial agent. Its applications include agriculture, industrial 
cooling systems, food packaging materials, dental prod-
ucts, antimicrobial soaps, and dermatological and medi-
cal products (Crosby 1981; Jones 1985). PCP and its 
sodium salt are particularly poisonous to wood-decay-
ing fungi, which were developed in the 1930s and have 
been widely used in the industry since then (Carswell 
and Hatfield 1939). It is, nonetheless, highly persistent in 
the environment because of the stability of its structure 
(i.e. presence of phenol) and a high level of chlorination, 
which makes it highly toxic to the environment (Xu et al. 
2017).

It is found in wood preservation facilities, sewage efflu-
ents, soil, water bodies, sediments, and other areas adja-
cent to these sources. It is widely distributed throughout 
the environment. It was added to the list of persistent 
organic pollutants in the Stockholm Convention because 
of its potential for toxicity and endocrine disruption 
(Darbre 2021). Although it was once outlawed in many 
nations, including Austria, India, Indonesia, New Zea-
land, Sweden, and Switzerland, it was still in use in North 
America because utility poles and railroad ties were seen 
as essential infrastructure (Tullo 2020; UNEP-FAO 1996). 
However, in Canada, it was banned from use as a wood 
preservative in 1990 and taken off the market in 2023 
(PMRA 2022).

Despite being phased out of the industry, PCP 
remains heavily accumulated in the environment 
across a variety of matrices, including soil, water, the 
atmosphere, and human tissues and fluids, because 
of its persistent nature. Consequently, it is crucial to 
conduct research on the removal of PCP from con-
taminated areas, which calls for precise quantifica-
tion methods for effective PCP detection. PCP can be 
measured and examined using a variety of destructive 
and non-destructive techniques. In contrast to the non-
destructive method, which analyzes the sample without 
causing any damage to the original sample, the destruc-
tive technique involves making permanent changes 
to the specimen to distort or destroy the material to 
identify the point of failure. For example, gas chroma-
tography/mass spectrometry (GC/MS), thin-layer chro-
matography (TLC), colorimetry, ultraviolet–visible and 
infrared spectroscopy, high-performance liquid chro-
matography (HPLC), electrochemical sensor (EC), and 
X-ray fluorescence spectrometry (XRF) are some of the 

destructive and non-destructive quantification tech-
niques available for the detection of PCP from various 
matrices of samples. These analytical tools are used to 
quantify PCP in wood and assess environmental sample 
data.

When used in conjunction with mass spectrometry 
(MS), gas chromatography is a method for separat-
ing tiny volatile and semi-volatile organic compounds. 
It can be used to separate complex mixtures, measure 
analytes, identify unknown peaks, and detect traces of 
contamination (Thermo Fisher Scientific 2006). The 
high-performance liquid chromatography (HPLC) 
instrument was developed in 1900 for studying leaf pig-
ments, particularly chlorophyll. It is a highly effective 
method for molecularly separating a target molecule 
from a mixture of compounds. The efficiency, versa-
tility, and speed of the HPLC instruments used today 
have greatly increased (Raja and Barron 2022). X-ray 
fluorescence spectrometry (XRF) is a nondestructive 
analytical technique used to determine the elemental 
composition of materials using the fluorescence emit-
ted by X-rays (Thermal Fisher Scientific 2020). Electro-
chemical sensors are inexpensive, easy to use, sensitive, 
and fast in the reaction. They measure the electrical 
energy produced by the chemical reaction in the cell 
(Fethi and Hicham 2022). TLC is a popular chromato-
graphic method that uses a thin stationary phase sup-
ported by an inert backing for separation. Its simplicity, 
affordability, high sensitivity, and speed of separation 
make it a popular choice (Chemistry LibreTexts 2022). 
A colorimeter is a light-sensitive instrument used to 
quantify and contrast the amount of light transmit-
ted through a pure solvent with the amount of light 
absorbed in the solution (Choudhury 2014). UV–vis 
and IR spectroscopy use the UV and visible regions 
of the electromagnetic spectrum, whereas IR employs 
the low-energy infrared portion of the electromagnetic 
spectrum to measure how a matter interacts with or 
emits electromagnetic radiation. (Madhu 2022). How-
ever, GC/MS is a widely used technique for detecting 
organic contaminants like PCP, because it works well 
at separating and quantifying organic molecules and 
gases—PCP being a volatile chemical (Zhang 2006).

However, many destructive methods require labo-
rious extractions, and certain techniques lack the 
sensitivity and selectivity required to find PCP with 
any degree of accuracy. To validate the most effective 
method for reliably detecting PCP, it will be crucial for 
future research to comprehend the advantages and dis-
advantages of destructive and non-destructive tools. As 
a result, the reliability of several analytical tools used to 
measure PCP will be reviewed in this study.
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Pentachlorophenol physicochemical properties
PCP is a synthesized chemical and is a chlorophenol; its 
phenol group has been altered with five chlorine atoms, 
and it lacks isomers (Fig. 1).

Pure PCP is a white crystalline solid (PubChem 2023). 
The technical grade wood preservative known as impure 
PCP, which is 86% pure, typically uses petroleum oil as 
a carrier (Ammeri et  al. 2020; USEPA 2008). Techni-
cal grade PCP is 10 times more effective than pure PCP 
because of contaminants such as trichlorophenol, hexa-
chlorobenzene, polychlorinated dibenzo-p-dioxins 
(PCDDs), polychlorinated dibenzofurans (PCDFs), and 
chlorinated phenoxyphenols (CCME 1999; USEPA 2008). 
Each compound’s degree of chlorination determines its 
level of toxicity and other characteristics (USEPA 2008). 
These pollutants are more or equally harmful to the envi-
ronment and are persistent. As a result, it becomes cru-
cial to examine these contaminants in addition to PCP. 
PCP dissolves effectively in organic solvents and is only 
marginally soluble in water (Table 1). PCP is volatile due 
to its high vapor pressure of 1.1 ×  10–4 mm Hg at 25  °C 
(Governemnt of Canada 2013). Volatilization of PCP in 
water is pH-dependent, and the unionized form of PCP 
is more volatile. The other properties of PCP are given in 
Table 2.

Measuring PCP using analytical instruments 
and their principles
Before selecting the ideal instrument, it is crucial to com-
prehend the fundamental workings of each instrument. 
The methods used to examine PCP, which include GC/
MS, HPLC, TLC, colorimetry, UV–vis & IR, EC, and 
XRF, will be discussed. In GC/MS, using a capillary col-
umn with a stationary phase that uses nitrogen, hydro-
gen, and helium as inert carrier gases, the sample is 
efficiently vaporized into the gas phase and divided into 

different components to evaluate volatile or semi-vol-
atile substances, such as PCP. After leaving the GC col-
umn, these chemicals are separated and ionized by mass 
spectrometry (MS) using electron or chemical ioniza-
tion sources. The separated components are then exam-
ined using an ion trap or quadrupole mass spectrometer 
(Thermo Fisher Scientific, 2006). The substances in the 
sample are chromatographically separated by HPLC as it 
passes through the stationary phase, which is a stagnant 
bulk liquid in the form of a column filled with tiny porous 
particles, and the mobile phase, which is a moving liquid 
pumped into the column (Raja and Barron 2022). The 
detector finds molecules that have eluted from the col-
umn after the stationary phase of the column divides the 
constituents of interest according to their characteristics. 
The UV and photodiode array detector (PDA) is the most 
commonly used detector for HPLC analysis. Although 
TLC is a chromatographic instrument similar to HPLC, 
its name suggests that it uses a thinner stationary phase 
supported by an inert backing to separate the mixture’s 

Fig. 1 Structure of pentachlorophenol

Table 1 Solubility of PCP in different solvents

Sources (Bevenue et al. 1968; PubChem 2023; USEPA 2008)

Solvents Solubility

Water 14 mg/L at 20 C

Methanol 1.7 g/g

Benzene 0.014 g/g

Diethyl ether 53–60 ppm

Ethanol, 47–52 ppm

Acetone 21–33 ppm

Carbon tetrachloride 2–3 ppm

Table 2 Other physicochemical properties of PCP

Sources: (USEPA 2008; Government of Canada 2013; PubChem 2023)

Property Value

Pure PCP color Colorless white crystalline solid

Impure PCP color Dark gray to brown and exists 
as dust, beads, or flakes

Molecular weight 266.35 g/mol

Density 1.978 g/ml

Dissociation constant (Ka) at pH 4.99 1.6 ×  10–14

Sublimes 54 ± 2 °C

Melting point 190–191 °C

Boiling point 309 °C

Log octanol/water partition coefficient 
(log  Kow) at 25 °C

5.05

Odor threshold in water 0.86 mg/L at 30 °C

pKa 4.74 at 25 °C

Henry’s law constant 5 ×  10–7 atm·m3/mol
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constituent components at a pressure that is lower than 
HPLC’s (Chemistry LibreTexts 2022).

A colorimeter is a type of photometer used to measure 
the amount of light a colored solution can transmit to 
calculate the concentration of light-absorbing materials 
in the solution (Choudhury 2014; Giri 2022). It is typi-
cally used in all procedures that include the production 
of colored products that can be estimated quantitatively. 
With regard to UV–vis spectroscopy, the radiation inci-
dence results in light absorption in the PCP, which shifts 
the electronic energy levels. It also determines the wave-
length at which this radiation absorbance occurs, which 
varies for every component (Madhu 2022). Every com-
ponent in a sample has a distinct set of properties, and 
each element has a particular X-ray fluorescence, which 
results in electron transfer between shell levels to pro-
duce peaks (Thermal Fisher Scientific 2020). Peak height/
intensity reflects the concentration, whereas peak energy 
aids in element identification. The fundamental principle 
of an electrochemical cell is the production of electrical 
current by the transfer of electrons from the redox reac-
tion. This device is used in the electrochemical method 
to convert chemical energy into electrical energy and vice 
versa. One can identify and quantify a molecule based on 
the electrical energy created or the charge transfer in the 
electrochemical cell (Fethi and Hicham 2022).

Instrument performances
Colorimetry
Several investigations have been conducted to determine 
PCP levels in various samples using colorimetric meth-
ods. Various studies have utilized different chemicals in 
the pretreatment technique to obtain the chromophores. 
For the study of biological and water samples, PCP was 
oxidized to a mixture of ortho and para tetrachloroqui-
nones in the presence of fuming nitric acid, yielding a 
reddish yellow product that was extracted into chloro-
form and quantified using a concentration-dependent 
spectrophotometer. The investigation established a linear 
calibration curve from 50 to 1 mg (Deichman and Schafer 
1942). In fabric samples, PCP was condensed with 
4-amino antipyrine in the presence of potassium fer-
ricyanide and dilute sodium carbonate, forming a green 
dye and receiving the concentration-dependent curve at 
640  nm for this dye and calibration curve between 300 
and 1 mg (Gottlieb and Marsh 1946). The sawdust spiked 
with the known quantity of PCP, necessitates liquid–
liquid partitioning of PCP against toluene at acidic and 
alkaline pH, after which PCP is linked with 4-amino anti-
pyrine in the presence of sodium persulfate to generate 
a dye that is detected at 580 nm. The limit of detection 
(LOD) for 1 g of wood was 1 ppm (Gremaud and Turesky 
1997). The main concern with these approaches is that 

pollutants interfere with the pretreatment procedures 
used to extract chromophores and determine PCP.

Furthermore, these procedures have a lower level of 
accuracy and are insufficiently sensitive to detect PCP 
concentrations smaller than a milligram. A new extrac-
tive colorimetric approach for analyzing water, plant 
material, and biological materials produced good findings 
for identifying PCP (Sao et al. 2006). In this approach, the 
contaminated material is heated with strong nitric acid 
to generate chloranil, which liberates iodine with potas-
sium iodide and forms a yellow–brown complex with 
cetyltrimethylammonium bromide with an absorbance 
maximum of 300  nm. The LOD and LOQ were 0.0018 
and 0.0063 ppm, respectively. As a result, the continued 
development of new colorimetric methods can improve 
LOD for various samples. The US Environmental Protec-
tion Agency (USEPA) developed a method for detecting 
PCP in soil using UV-induced colorimetry, which can 
detect up to 1.5  mg of PCP/kg of soil (Fig.  2) (USEPA 
2008). In this study, the colorimetric approach was used 
to determine chloride content in PCP-contaminated 
wastewater to test the effect of Pseudomonas sp. on PCP 
bioaugmentation, where the chloride content is directly 
proportional to the removal of PCP increase in waste-
water due to the release of  CO2, HCl, and  H2O from the 
PCP biodegradation process. To obtain a crimson and 
permanent color precipitate, the wastewater was mixed 
with 2–3 drops of nitric acid, 0.2 g of calcium carbonate, 
and 3 drops of 10% potassium chromate. The chloride 
content was calculated using the formula (Volume of the 
titrating solution poured by a volume V ml of sample-vol-
ume of the titrating solution poured by a volume V mL of 
distilled water)/V × Number of mg of chlorides equiva-
lent to 1 mL of titrant solution (10 mg  Cl−) × 1000 × dilu-
tion factor, and the organisms increased the chloride 
content from 0.64 to 3.12  g/L in 7  days (Werheni et  al. 
2022). From the review, the colorimetric equipment and 
method of detection are not expensive; nonetheless, the 
instrument is not widely used for PCP detection and 
has poor precision and sensitivity compared with other 
detection techniques.

Briefly in Fig.  2, PCP was added to methanol; shaken 
well, and then added to acidified HPLC grade water and 
loaded into a solid phase extraction (SPE) column, which 
produced a sample with the hexane elute. The hexane 
elute is added with basic water and shaken well, where 
the hexane is decanted off at the end. The remaining PCP 
in the aqueous solution is added to acidic water, octane, 
and cobalt chloride, which is then shaken well for separa-
tion. PCP in octane is added to sodium sulfate solution, 
where the aliquot of octane is then added to a commer-
cially available quick test reagent for PCP detection in 
soil in isopropyl alcohol. The mixture is then tested in an 
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envirometer that acts as a colorimeter on exposure to UV 
light at 260 nm.

UV–vis spectrophotometer
Several UV spectrometric methods have been devel-
oped for measuring PCP in technical grade PCP, biologi-
cal materials, textiles, and contaminated stream water. 
Detection of PCP in aqueous solution to examine the 
efficacy of montmorillonite and modified clays in PCP 
removal using a UV–vis spectrophotometer at 279  nm 
absorbance detected 4.0667–12.870  mg of PCP/g of 
absorbent (Park et  al. 2013). The process of PCP detec-
tion using a UV spectrophotometer is explained in Fig. 3 
(Park et  al. 2013). Figure  3 illustrates the technique for 
detecting PCP using a UV spectrophotometer. The PCP 
concentration in environmental water was tested using 
two methods: (1) the sample was filtered in Whatman 
filter paper and examined at an absorbance of 320  nm 
with a limit of detection of 2–100 ppb and (2) the sample 
was acidified with concentrated hydrochloric acid to pro-
duce a cloudy solution at an absorbance of 450 nm with 
a limit of detection of 4–1000 ppm (Stuckey and Larsen 
2012). PCP in fabrics was determined by measuring its 
absorbance at 214 nm with a 100% recovery rate (Wade 
et al. 1979). A custom-designed UV spectrometer with a 
copper hollow-cathode lamp measured PCP absorbance 

at 320 nm with an LOD of approximately 2 ppb and no 
interference from other pollutants (Wade et  al. 1979). 
Infrared analyses are mostly used to identify PCP after 
isolation using GC or other separation techniques. How-
ever, in a few cases, it was used to determine PCP with-
out purification, such as as a quality control method 
during the synthesis of PCP from the chlorination of phe-
nol (Bevenue et  al. 1968). However, the samples should 
be filtered and isolated to avoid interference from other 
phenolics and pollutants because the IR spectra of PCP 
are distorted in the presence of closely related phenolics.

In Fig. 3, the adsorbents were dispersed into the PCP-
containing aqueous solution, which was constantly agi-
tated in the shaker for 12 h at room temperature with a 
pH of 5–6 at the end. The mixture was further centri-
fuged at 3000 rpm for 10–15 min and the supernatant 
was analyzed for PCP concentration at 279 nm using a 
UV–vis spectrophotometer (Park et al. 2013). Principle 
and process of UV vis spectrophotometer, a double-
beam spectrophotometer (Haas 2021)—the radiation 
from the source passes via the monochromator and the 
chopper, which direct them to the sample window and 
mirror using a transparent window to reflect it to the 
blank. The chopper has an opaque surface that serves 
as a shutter and provides constant adjustment to the 
spectrophotometer. The temperature control unit heats 
or cools the sample at a constant temperature.

Fig. 2 Detection of PCP from contaminated soil using the colorimetry method (USEPA 2007)
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Thin‑layer chromatography
Performance Paper chromatography and TLC are related 
methods for separating PCP from other similar chemicals 
and identifying them. On the other hand, TLC is faster, 
produces more compact spots, and achieves better sepa-
ration while minimizing tailing difficulties. The detection 
of PCP in aqueous solution using TLC yielded an LOD 
of 8–35  ng and LOQ of 25–98  ng, with a recovery rate 
ranging from 89.21 to 101.74% (Faraji et al. 2011). Figure 4 
shows the methods used for detecting PCP in an aqueous 
solution (Faraji et al. 2011). Sawdust spiked with PCP was 
evaluated by TLC after nitric acid-mediated oxidation of 
PCP to tetrachloro-1,4-benzoquinone, with an LOD  of 
1  ppm when 100  mg of wood was used (Gremaud and 
Turesky 1997). Several studies have used two-directional 
TLC, which separates and detects PCP using distinct sol-
vent systems in water, wood, and even latex materials. 
In latex samples, excellent separation was accomplished 
with the chloroform–acetic acid solvent system (100:1), 
with PCP developing bright brown spots on a light blue 
background with the copper sulfate pyridine reagent with 
a retention factor (Rf ) value of 0.5 (Davies and Thuraisin-
gham 1968). PCP in treated wood samples was analyzed 
using TLC, with TLC plates containing PCP in a solvent 
system that included cyclohexane-acetone-liquid paraf-
fin (15:3:2) in one direction and ethyl acetate-glacial ace-
tic acid in the other, yielding an Rf value of 0.25 for PCP 
(Henshaw et al. 1975). In raw and treated river water, ben-
zene in the first direction helps in removing interfering 

organic contaminants, and 6 mL of 1 N sodium hydroxide 
in 94 mL of acetone helps in separating PCP from other 
phenols. The reagents silver nitrate and 4-amino antipy-
rine of sensitivity 0.1 and 0.5  µg respectively was used 
to find PCP, and PCP was found with an Rf value of 0.09 
(Zigler and Philips 1967).

Advantages and  disadvantages Thin-layer chromatog-
raphy is an excellent analytical method because it saves 
time by allowing samples to be evaluated simultaneously 
and uses less solvent per sample, which lowers costs. Fur-
thermore, it outperforms the colorimetric approach in 
terms of accuracy and precision, and sensitivity in the 
nanogram and pictogram ranges. However, TLC can only 
assess nonvolatile substances, has low-resolution capa-
bilities (peak capacities of 10–50), and lacks completely 
automated systems (Deepak 2015). It cannot resolve com-
plicated combinations of chemicals, but GC can. In TLC, 
the carrier liquid progresses on the plate because of gravi-
tational force or capillary action; however, in HPLC, the 
mobile phase flows through the column, making it faster 
because it is pushed through by a pump (Deepak 2015). 
It does not have the same range of detectors as GC and 
HPLC; hence, it cannot provide large and sensitive detec-
tion alternatives. However, combining TLC with other 
analytical procedures such as HPLC, MS, and Fourier 
transform infrared spectroscopy (FTIR) will yield better 
sample analysis results (Chemistry LibreTexts 2022). It 
incurs significant expenses because new TLC plates must 

Fig. 3 Detection of PCP concentration in aqueous solution to test the effect of montmorillonite and modified clay in the removal of PCP 
from water
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be inserted at each analysis and cannot be reused, unlike 
other procedures.

The extraction process employed in Fig. 4 is described 
as follows: 10 mL of water sample saturated with salt at 
pH-2 is mixed with 9  mL immiscible extracting solvent 
(1-undecanol) stirred in a magnetic stirrer for 15  min 
at 55 °C at a stirring rate of 1200 rpm. After stirring the 
vial was placed in an ice bath for 5  min; then solidified 
organic extractant transferred to conical vial for melting 
which is then evaporated to dryness in rotary evapora-
tors at 30  °C under nitrogen; residue from evaporator 
dissolved in 200 mL of methanol and final solution used 
for analysis in TLC. TLC parameters: 10 cm × 20 cm sil-
ica gel RP-18 F254 HPTLC plates were used for analysis 
and samples were applied on the plates using Linomat 
V Sample applicator; mobile phase is methanol–water 
2:1 (v/v) mixture taken in twin-trough chamber to 
80  mm distance by the ascending technique; winCat 
software was used to control TLC scanner III system; 
absorbance—725  nm; slit dimensions—4  mm × 0.1  mm; 

scanning speed—60  mm  s–1; spray solution for visu-
alization—3.6% ferric chloride solution in water and 1% 
potassium ferricyanide in water (1:1). The steps to be fol-
lowed for PCP detection were obtained from (Faraji et al. 
2011). Pictures of instruments were taken from (Sonika 
2023; Bernard-Savary and Poole 2015; Lab wrench 2024.

Gas chromatography (GC)
Gas chromatography (GC) is commonly used to study 
chlorinated byproducts in the production of chlorinated 
phenols. It was initially used by Barry et  al. who effec-
tively separated PCP from its homologs using a silicone 
high vacuum grease column at 200 °C and infrared spec-
troscopy to validate the compounds (Barry et  al. 1962). 
However, early GC has low sample resolution and tailing 
of chlorophenols. To circumvent these issues, carbowax 
20 M and 2% phosphoric acid at 200  °C were employed 
to resolve the combination of chlorophenols containing 
PCP on one column without tailing (Kolloff et al. 1963). 
It has a range of detectors such as a flame ionization 

Fig. 4 Pentachlorophenol detection in thin-layer liquid chromatography (TLC) instrument
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detector, thermal conductivity detector, electron capture 
detector, nitrogen phosphorous detector, mass selec-
tive detector, and flame photometric detector that offers 
lower detection limits than those of the other methods.

GC electron capture detection Pentachlorophenol con-
centrations in fish, crabs, frogs, turtles, and shrimp sam-
ples from China’s fish market ranged from less than the 
method’s limit of detection (0.5 μg/kg ww) to 61 μg/kg ww. 
The samples were extracted into an organic solvent and 
quantified using GC and electron capture detection (EC) 
(Ge et al. 2007). A covalently prepared monolithic mixed 
matrix membrane of functionalized multi-walled carbon 
nanotubes polyethersulfone was used as a solid-phase 
microextraction fiber for the extraction of PCP followed 
by GC-EC analysis, with a lower LOD of 0.3–30 ng/L from 
human urine and serum samples and a high recovery rate 
of 91.6–102.5% (Matin et al. 2020). PCP in water samples 
recovered by dispersive liquid–liquid microextraction 
with deep eutectic solvent has a LOD of 0.015–1.0 µg/L 
and 0.05–3.0 µg/L, with recoveries between 32 and 91% 
and repeatability values of 2.0 µg/L (Fattahi et al. 2022). 
The residues of PCP in fruits were determined by GC-EC 
after forming methyl ether of PCP and chromatographic 
the sample on an acid-washed chromosorb W column 
with silicone oil at 180 °C. The LOD was 0.01 ppm, and the 
material recovered between 76 and 90 (Cheng et al. 1993). 
PCP was extracted from soil and fish samples with 0.1 M 
potassium hydroxide and toluene, and the concentration 
was evaluated using EC-GC and a mass spectrometer, 

which could detect a minimum of 0.5 ppb with 80–100% 
recovery of PCP (Stark 1969). As a result, GC-EC was cho-
sen as the preferred method for analyzing PCP and other 
related phenols because it can detect smaller amounts 
(milligram to picogram) of PCP with less manipulation, 
better separation, and a greater recovery rate. GC-EC was 
widely used because of its strong sensitivity to PCP and 
its derivatives. However, significant pretreatment, extrac-
tion, preconcentration, and derivatization are required 
because EC does not respond as well to free PCP as it does 
to PCP ether.

GC–MS Several studies have used GC with various 
detector combinations to detect low levels of PCP in 
a variety of human, environmental, and food samples, 
including human urine (Thompson and Treble 1994), 
tissue (Wagner et al. 1991), textile materials (Mou et al. 
1999), different food samples (Campillo et  al. 2007), 
food packaging materials (Peng et  al. 2021), and meat-
tissue (Zhao 2014). PCP in seawater was extracted using 
liquid–liquid microextraction with toluene, and the 
reduced extract was mixed with a solvent mix contain-
ing methanol and trimethylsilyl derivatives of methanol 
(MeOTMS), allowing for good chromatographic resolu-
tion of underivatized PCP acting as a lubricant along the 
glass liner during the injection phase in GC-triple quad-
rupole MS. The study obtained 106% PCP recovery from 
seawater, with a low LOQ of 0.050 μg  L−1 (Amendola et al. 
2017). Figure  5 demonstrates the procedure for extract-
ing PCP from seawater and analyzing it using GC/MS. 

Fig. 5 Detection of PCP in seawater by GC/MS
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(Amendola et  al. 2017). In GC–MS, a GC fitted with a 
dual-flame ionization detector provided precise results 
in the ppb to ppm range for phenols by absorbing phe-
nols on macroporous anion-exchange resin, eluting the 
sample with acetone, and injecting it straight onto the GC 
column. PCP was determined in sawdust spiked with a 
known quantity of PCP by derivatizing the extract with 
acetic anhydride in a biphasic solvent comprising toluene 
and 0.1% Na2CO3 (pH 11.4) pentachlorophenyl acetate 
(Gremaud and Turesky 1997). The LOD was 50 ppb when 
100 mg of wood was tested. GC/MS has quickly become 
the preferred method for more precise detection of PCP. 
Both GC-EC and GC/MS were used to assess PCP levels 
in meat and fish. The analyte was extracted with methanol 
and trichloroacetic acid using accelerated solvent extrac-
tion and derivatized with acetic anhydride-pyridine. The 
LOD for this approach was in the range of 0.25–0.41 and 
0.49–1.01  mg/kg in the muscle and liver of swine and 
bovine, as well as in the muscle of carp and finless eel, 
with 71.1% spiking recovery and consistent results from 
both the GC-EC and GC/MS (Zhao 2014). In GC, consid-
erable extraction and derivitization are used to improve 
the volatility of PCP, which contributes to mistakes and 
exposes the analyst to solvents and organic reagents. It 
is inexpensive to use GC rather than HPLC because the 
costs associated with GC can be decreased in the long 
term with gas generators, which ensures that the carrier 
gas is available when needed without the need for costly 
storage and delivery.

In Fig. 5, the seawater spiked with PCP was extracted 
using 1  mL in the magnetic stirrer for 60  min, which 
was extracted further using a customized soxhlet micro-
extractor. Upon emulsion, the extract was further cen-
trifuged at 6000  rpm for 5  min. The extracted samples 
were added to methanol and N,O-bis(trimethylsilyl)tri-
fluoroacetamide with trimethylchlorosilane to make a 
solvent mixture. Instrumentation: VF-XMS capillary col-
umn with 60 m − 0.25 mm i.d. − 0.25 μm film thickness; 
carrier gas–helium with a flow rate of 1.5  mL/min. The 
extracted sample was injected into the GC inlet, vapor-
ized, and carried along with the helium to the chroma-
tographic column. Injector parameters in solvent vent 
mode: heater temperature, 90  °C; pressure, 27.999 psi; 
total flow, 104.5 mL/min; septum purge flow, 3 mL/min; 
purge flow to split vent, 100 mL/min at 2 min; vent flow, 
150 mL/min; vent pressure, 0 psi until 0.5 min. GC oven 
temperature for a total of 36 min: (1) 90 °C–4.8 min; (2) 
40  °C/min up to 155  °C held for a min; 9  °C/min up to 
240 °C held for 10.5 min; 20 °C/min up to 265 °C held for 
2 min; 20 °C/min up to 340 °C held for 2 min. The MS- 
collision gas was nitrogen 5.5 at a collision cell flow rate 
of 1.5 mL/min. Transfer line and ion source temperatures 
of 310 and 300  °C, respectively (Amendola et  al. 2017). 

As the sample flows via the column, the compound of 
interest is separated by the relative interaction between 
the coating of the column (stationary phase) and helium 
(mobile phase). Furthermore, the column passes into the 
heated transfer line, which ends in an ion source where 
compounds eluting from the column are converted into 
ions, and these ions are analyzed in the mass spectropho-
tometer, where electrical impulses are recorded as visual 
displays (Wu et al. 2012).

High‑pressure liquid chromatography (HPLC)
Performance HPLC is a quick approach for the detection 
and analysis of PCP that does not require derivatization. 
HPLC detectors include UV, refractive index, electro-
chemical, fluorescence, conductivity, and mass selectivity 
detectors, as well as photodiode array detection systems 
that allow for simultaneous detection. Pentachlorophe-
nol was found in wastewater using HPLC to investigate 
the effect of Pseudomonas mosseli and P. putida on PCP 
removal, with HPLC confirming 800 mg/L of PCP in the 
wastewater (Werheni et  al. 2022). HPLC–UV detection 
of 11 phenolic analytes, including PCP in water, yielded 
a LOD range of 0.51–13.79  μg/ml and a mean recovery 
of 67.9 ± 7.28 to 99.6 ± 4.26% (Opeolu et al. 2010). Wood 
spiked with PCP was tested by HPLC using a photodiode 
array detector, and the recovery of the spiked PCP stand-
ard in the leachate solution exceeded 85% with a LOD of 
10 g/L. In the same study, HPLC analysis yielded results 
that were consistent with the non-destructible analytical 
approach of XRF (Zha 1992). Figure 6 shows the extrac-
tion of PCP from soil using ultrasonication, followed 
by HPLC analysis for PCP detection (Zha 1992). When 
methanol with 2  g/L of ammonium acetate (20:80) was 
used as the solvent in fish tissue samples at the 305 nm 
detection wavelength, PCP recovery was 76% with a limit 
of detection of 14  g/L (Liao et  al. 2004). The retention 
time for PCP detection in wastewater was 12.9 min using 
acetonitrile and phosphoric acid as solvents (Alsingery 
2013). Derivatization with dansyl chloride in HPLC-
tandem MS resulted in 91–101% recovery with a range 
of LOD of 0.01–1.0 μg/L for the direct detection of PCP 
in well water, demonstrating great sensitivity and speci-
ficity (Noestheden et al. 2012). Ion-pair HPLC has been 
widely used to detect PCP concentration in samples such 
as water, lumber, fish, shrimps, and oysters, although it 
only detects PCP at high concentrations ranging from 5 to 
15 mg/kg. All samples, including animal tissue and fluids, 
egg yolks, and egg whites, had a high mean recovery rate 
of 73–108%; however, determining PCP concentration 
in whole eggs was difficult because the recovery rate was 
only 50–84% using HPLC on porous silica with methanol 
as the eluent (Mundy and Machin 1981).
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Advantages and disadvantages It has a lower sensitivity 
to detect PCP when a UV detector is employed, although 
this can be avoided if an alternative and more appropriate 
technique of concentration is available. Furthermore, the 
cost of HPLC equipment and its maintenance is signifi-
cantly higher than that of GC. This is mostly because the 
solvents used in HPLC are more expensive than purchas-
ing gas canisters. HPLC also requires a pressure pump to 
drive the mobile phase through the column. HPLC is a 
liquid-based chromatographic approach, whereas GC is 
a gas chromatographic method that involves gasifying the 
chemical before examination.

As a result, in HPLC, the polarity of the mobile and sta-
tionary phases affects separation, which is why the sol-
vents employed must be compatible with the chemical 
being examined. There is no universal solvent in HPLC, 
whereas such complications do not exist in GC. Further-
more, the column used in GC is extremely universal and 
may be used to analyze a variety of samples for different 
analytes. However, HPLC does not have such universal 
columns and requires distinct columns for different ana-
lytes depending on their characteristics and the mobile 
phase. The division in high-execution fluid chromatogra-
phy is less effective than that in GC.

In Fig.  6, PCP is extracted from the soil using ultra-
sonication, where 1  g of soil is added to 50  mL of ace-
tonitrile. After sonication for 1  h, the extracted liquid 
will be filtered using a 0.45  µm HV syringe filter. The 

filtered samples were injected into the HPLC instru-
ment for detection. The HPLC instrument operational 
conditions include column: C18 reversed-phase col-
umn (15 cm * 3.9 mm), packed with 5 µm silica particles. 
The instrument parameters include; mobile phase—1% 
Acetic acid: Acetonitrile; operation temperature: ambi-
ent; mobile phase running on a gradient program: (1) 
Time = 0.0 min. 1% HAC: CH3CN = 40:60 (2) Time = 4.0 
mill. 1% HAC: CH3CN = 40:60 (3) Time = 14.0  min. 
1% HAC: CH3CN = 10:90 (4) Time = 17. 0  min. 1% 
HAC: CH3CN = 40:60 (5) Time = 25.0  min. 1% HAC: 
CH3CN = 40:60; Flow rate: 1  ml/min; UV detection: 
305  nm; detector sensitivity: 0.2 absorbance units full 
scale; and the injection amount is 50, or 25 µL (Zha 
1992).

X‑ray fluorescence
Performances X-ray fluorescence is a fast and accurate 
method for identifying the elemental composition of 
a material. The main benefits of this instrument in the 
wood industry are that it requires little sample concentra-
tion, and the element of interest and its concentration can 
be determined non-destructively in minutes. The XRF 
screening portable equipment is not limited to identify-
ing the elemental composition of inorganic compounds; 
it can also perform a quantitative assessment of observed 
chlorine, which can be used as a marker element for the 
presence of organochlorines such as PCP. In textile sam-

Fig. 6 Detection of PCP in soil using HPLC
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ples, the limit of detection for chlorine atoms in organic 
compounds ranges from 5 to 160 ppm. (Krug and Hahn 
2014). Historically, industrial preservatives for treated 
wood have been tested using XRF. A study examined the 
detection of PCP in treated wood using GC/MS and XRF, 
and the results were equivalent. To detect PCP in treated 
woods, the LOD for chlorine atoms was 10 µg/g of mate-
rial (Murray 2007). It is a simple and effective method for 
detecting PCP because XRF uses the interaction of Cl ions 
with radiation to determine the concentration, with only 
sample homogenization required to ensure that each par-
ticle of wood is penetrated and thermalized in the same 
manner (KanngieBer 2003). Figure  7 demonstrates the 
identification of PCP from treated wood using XRF (Mur-
ray 2007).

XRF in the wood industry Portable XRF has been used 
in the wood industry’s quality control process for dec-
ades to quantify the concentration of organic wood com-
pounds in treated wood and treating solutions because 
it is time-saving, simple, dependable, and comfortable. 
Previously, in XRFs used in 1954, crystals were used to 
reflect radiation measured by a Geiger counter, which 
had various disadvantages such as high detection lim-
its, high expense, and restrictions in matching the crys-
tal materials to the element of interest (Sturdivant et al. 
2020). XRFs now include a source that excites electrons 
near the nucleus of atoms, resulting in K-band X-rays. 
XRF instrument designs from the 1950s to the 2000s fea-
tured a paired source, filter, and detector that were opti-

mized for a specific element or group of elements used in 
a single application of interest, in which radiations were 
directly detected using proportional counters and com-
pared to known samples(Sturdivant et al. 2020). Although 
these designs are sturdy and produce consistent findings, 
the configured instruments were inflexible to industry 
changes. The current market XRF technology can analyze 
various wood-treating processes without requiring costly 
setup adjustments.

XRF future work Due to the high cost of equipment 
operation, XRF spectroscopy is rarely used to examine 
treated wood and treatment solutions. The main problem 
with XRF is that it cannot distinguish individual organo-
chlorine chemicals. We must employ other procedures to 
validate the presence of these substances and determine 
their nature. Furthermore, it is difficult to identify vola-
tile and semi-volatile organic biocides such as PCP using 
a non-destructive approach like XRF. In addition, XRF 
detects and quantifies certain elements inside a substance 
but not the complex itself. As a result, chlorine detec-
tion can provide information about the distribution and 
quantitative data of PCP. Although XRF is the best non-
destructible method for obtaining a reliable result in min-
utes, it has only been used for the analysis of PCP in wood 
and treating solutions, and it is not widely used for other 
sample matrices because of its high equipment cost and 
lack of specificity in identifying and quantifying organic 
compounds.

Fig. 7 Steps to detect PCP in out-of-service utility poles using XRF
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The steps to detect PCP in out-of-service utility poles 
using XRF is shown in Fig. 7. Briefly, the wood is ground 
to a fine saw dust and then filled into the XRF cuvettes 
and placed into XRF instrument for detection. The meth-
odology was obtained from Murray 2007. The key com-
ponents of the XRF instrument include an X-ray source 
to produce X-rays, X-ray beam optics (collimators) to 
control spot size, a sample stage to place the sample, a 
solid state semiconductor detector, a preamplifier, a digi-
tal processor to process fluorescent X-ray signals, and a 
computer to analyze the results. The X-rays diffracted 
from the samples enter via a thin beryllium window 
that produces electron–hole pairs in the semiconductor 
region of the detector. These electron–hole pairs formed 
are based on the amount of X-ray energy that enters the 
detector, which is collectively recorded as a negative 
pulse. The negative pulses are then counted by a multi-
channel analyzer that sorts them based on their sizes 
(Horiba Scientific 2024).

Electrochemical sensor
Electrochemical techniques and sensors have been exten-
sively used to develop instruments that are sensitive 
and selective for detecting phenolic and other chemical 
compounds because of their high specific recognition, 
adsorption capacity for analytes, and chemical stabil-
ity (Fethi and Hicham 2022). Since nanotechnology and 
material sciences have advanced, electrochemical-based 
sensors based on advanced materials and new compos-
ites have sparked widespread interest in the scientific 
community (Deshmukh et  al. 2018; Fethi and Hicham 
2022). Advanced materials include metal and metal oxide 
(Boyacıoğlu et al. 2022), carbon nanotubes (Hicham et al. 
2022), metal–organic frameworks (MOF) (Tajuddin et al. 
2021), graphene (Karaman et al. 2021a, b), and graphene 
oxide (Karaman et al. 2022).

Metal–organic frameworks (MOFs) are composed of 
organic ligands and inorganic crystalline metal nodes 
with a large specific area, numerous reactive sites, and 
remarkable catalytic activity (Banerjee et al. 2012; Chen 
et al. 2018; Tajuddin et al. 2021). However, the isolating 
qualities of organic ligands and the d-orbital engagement 
of coordination ions between metal ions and organic 
ligands prevent the electron from properly delocalizing 
over the entire framework (Meskher, et  al. 2022a). As 
a result, integrating MOFs with carbon-based materi-
als such as graphene-reduced oxide (rGO) can serve as 
a supportive background because of their excellent con-
ductivity, environmental stability, and biocompatibil-
ity (Karaman, et al. 2021a, b; Liu et al. 2021; Noor et al. 
2019). Graphene-reduced oxide is chemically inert and 
atomically smooth, preventing active substance adher-
ence to the electrode surface and minimizing electrode 

fouling (Meskher et  al. 2022a, b). The nanocomposite 
rGO/MOF demonstrated strong electrical conductiv-
ity and catalytic activity, with a linear range of 50 μM to 
200 μM, a LOD of 75.63 nM, and an LOQ of 254.54 nM 
(Meskher, et al. 2022a). A study demonstrated good PCP 
recovery using a sensitive electrochemical sensor made 
by altering a glassy carbon electrode with silver-reduced 
graphene oxide (AgNPs-rGO) nanocomposites from 
vegetable samples, and the results were cross-checked 
with HPLC data (Wang et al. 2020). It has demonstrated 
remarkable electrochemical activity for PCP oxidation 
because of its enhanced surface area, porous structure, 
good electron transport capabilities, and better enrich-
ment effect of AgNPs-rGO. The sensor has a linear range 
of 0.008 to 10.0 µM and a LOD of 0.001 µM, significantly 
lower than the USEPA’s recommended PCP limit of 
0.0037 µM for drinking water. Compared with graphene, 
rGO has advantages in electron transfer rate, π-electron 
distribution, biocompatibility, density at active sites, and 
adsorption capacity (Meskher et al. 2022a, b) (Fig. 8). A 
nickel-aluminum layered double hydroxide modified 
glassy carbon electrode (Ni–Al–LDH@GCE) was used to 
detect PCP in real water samples and showed satisfactory 
recovery values with detection and quantification lim-
its of 0.004 μM and 0.0132 μM, respectively (Khan et al. 
2024).

A nickel–cobalt layered double hydroxide (NiCo-LDH) 
supported on green organic–inorganic nanohybrid (rGO-
CuO) was drop cast on a gold electrode (AuE). Electro-
chemical measurements showed good conductivity and 
large active surface area favoring the electrochemical 
redox reaction of PCP with a linear range of 1–50  μM 
and LOD was estimated to be 12.64 nM (Meskher et al. 
2023). (Zhu et al. 2020) created a sensor with an interface 
made of a hollow zeolitic imidazolate framework (ZIF)-
derived mesoporous carbon material (HZC/SPCE) that 
detects PCP without the use of enzymes, pre-concen-
tration, or metals. The sensor was created by chemically 
etching ZIF-8 material with tannic acid and then pyrolyz-
ing it, which gave HZC a mesoporous hollow structure 
that allowed for conductivity and PCP transport via the 
solid/liquid interface.

This approach has a concentration range of 0.001 to 
26.8 mg  L−1 with a limit of detection (LOD) of 2.05 nM 
and recoveries ranging from 92.0% to 107.0% in spiked 
food packaging samples. A natural N and S co-doped car-
bon dots (NSCD) that is a “off–on” fluorescence sensor 
for the detection of PCP generated by hydrothermal syn-
thesis using food-derived crawfish shells as green precur-
sors (Chen et al. 2023). The synthesized NSCDs provided 
a large quantum yield of 18.57% with an LOD of 2.30 μM 
for PCP (Chen et al. 2023). Carbon dots (CD) are highly 
water soluble and stable, have strong biocompatibility 
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with low toxicity, easy functionalization, and enhanced 
photobleaching resistance compared with conventional 
semiconductor quantum dots (Wan et  al. 2019; Zhu 
et al. 2021). Carbon supplies from natural sources, such 
as NSCDs, are less expensive, more environmentally 
friendly, and may be manufactured in higher quantities 
than chemical CDs, such as ethylenediamine, norepi-
nephrine, and 5-amino-1,10-pheanthroline (Chen et  al. 
2023).

In the method shown in Fig. 8, PCP was added to the 
phosphate buffer-based solution (PBS) where PCP was 
detected by an electrochemical cell followed by cyclic 
voltammetry and square voltagrams for quantification 
(Meskher et al. 2022a, b). For accurate quantification and 
to estimate the very low concentration of PCP, a novel 
method called ANN application was used (Begum et al. 
2019).

Performance of different extraction methods
The biggest challenge in detecting a trace level of PCP 
using the chromatographic approach is isolating and pre-
concentrating the target component from the extraneous 
matrix (Zha 1992). In general, chlorophenols, including 
PCP, were measured in water using liquid–liquid extrac-
tion (LLE) and solid-phase extraction (SPE). Conven-
tional liquid–liquid partitioning processes have been 
widely used to isolate PCP residues from plants, animals, 
and human materials (AWPA 2022; Castline 1985; Heinz 

1976; NiMi and Chow 1983). However, the SPE of trace 
organic molecules from water outperforms standard 
LLE in terms of reproducibility and efficiency (Marvin 
and Brindle 1990). The solid-phase extraction approach 
effectively isolates and concentrates PCP in samples, par-
ticularly those with low PCP concentrations. However, 
the SPE approach followed by HPLC for detecting PCP 
and other phenols in water has demonstrated 12% less 
repeatability, with recovery ranging from 67.9 ± 7.28 to 
99.6 ± 4.26% (Opeolu et al. 2010). It is difficult to extract 
PCP from intricate matrix-like tissue samples in an LLE 
because it is a small molecular compound. PCP is diffi-
cult to extract from complicated matrix-like tissue sam-
ples in an LLE because it is a tiny molecular molecule. 
Few studies have found that both LLE and SPE proce-
dures have increased uncertainty in the measurement 
of the analyte, frequently demand high organic solvent, 
substantial training to operate, and are time-consuming 
(Bernal et al. 1996; Brossa et al. 2002; Supleco 1998).

In both TLC and GC–MS methods, extraction of PCP 
added to sawdust at 1.0 ppm with methanol and an acid/
base solvent partition against toluene resulted in 80–85% 
recovery, and at alkaline conditions, recovery can be 
increased to more than 65% by extracting the toluene 
phase with 3 mL of 5 mM sodium carbonate (Gremaud 
and Turesky 1997). Similarly, sulfuric acid was employed 
to extract PCP from its salt, and the entire PCP was col-
lected in toluene (Buhr et  al. 2000). However, the main 

Fig. 8 PCP detection using a highly sensitive reduced graphene oxide (rGO)/metal–organic frameworks (MOF)/gold electrode (AuE) 
electrochemical sensor and artificial neutral network (ANN) application
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disadvantages of using these traditional procedures are 
that they are extremely time consuming and require 
potentially dangerous extraction and derivatization steps. 
Sonication and soxlet extraction procedures are most 
commonly used for PCP analysis (Buhr et al. 2000). PCP 
was extracted ultrasonically from wood samples using 
acetonitrile solvent in HPLC, with an extraction effi-
ciency of 90% (Zha 1992). Extraction of PCP from the 
given sample ultrasonically is the most common method 
used for analysis using HPLC (AWPA 2022; Zha 1992).

Solid-phase microextraction (SPME) has several 
advantages in sample preparation, including speed, sen-
sitivity, and versatility, as sampling can be performed 
immediately without a solvent and is easily automated 
(Pawliszyn 1997). The global uncertainty in PCP detec-
tion in wastewater was less than 20% for LOD ranges 
between 5 and 40 µg/L, but increased to 64% at the LOD 
value of 0.75 µg/L based on the results of different studies 
on the detection of PCP extracted by SPME followed by 
GC–MS (Brás et al. 2011). Accelerated solvent extraction 
can boost the analyte dissolution ability while also ana-
lytically accelerating analytes from the complex matrix.

When PCP was extracted from animal and fish tis-
sue using an accelerated solvent extraction procedure 
followed by GC/MS and GC-ECD, the recovery rate 
increased by more than 71.1% (Zhao 2014). Recently, 
various studies have been conducted to optimize PCP 
extraction, particularly to determine the optimum fiber 
to employ in SPME. A study was conducted to test the 
effectiveness of different fiber materials in the SPME 
method followed by GC-ECD to extract PCP from paper 
and board. 100  μm polydimethylsiloxane (PDMS), apo-
lar, and 85 μm polyacrylate (PA), quite polar, were evalu-
ated for their extraction performances compared to the 
conventional extraction method LLE. Among the fibers 
used, PDMS outperformed the PA fiber. However, PCP 
recovered from SPME was 70–84% of that produced by 
the traditional LLE technique. In recent research, a mon-
olithic mixed matrix membrane of functionalized multi-
walled carbon nanotubes polyethersulfone was prepared 

using a covalent approach and used as a solid-phase 
microextraction fiber for the extraction of PCP from 
human serum and urine samples with a recovery rate of 
91.6–102.5% (Matin et al. 2020).

Comparison of performance of instruments 
in the detection of PCP
Each instrument has its advantages and disadvantages. 
Based on the data acquired, the performance of each 
piece of equipment in detecting PCP was compared 
and graded in Table  3. Electrochemical sensors, a non-
destructible approach, have piqued scientists’ interest in 
detecting PCP because of their high sensitivity, fast reac-
tion, and low cost (Alizadeh et  al. 2021; Mehmandoust 
et al. 2021; Salmanpour et al. 2017). It is sensitive, cost-
effective, easy to use, and selective in the real matrix, 
making it a viable choice for PCP detection (Baig and 
Kawde 2015; Jin and Maduraiveeran 2017; Mustafa 2024). 
However, there are still issues that need to be addressed 
in existing electrochemical methods, such as low sensi-
tivity or narrow linear range (Xu et  al. 2014; Zou et  al. 
2013), relatively complex construction and time-con-
suming processes (Yuan et al. 2013; Zhu et al. 2016) and 
the high cost of platinum, which is the most commonly 
used metal for electrochemical cells (Nesakumar et  al. 
2017). Research has been and continues to be conducted 
to develop novel electrochemical sensors that are simple 
and quick to fabricate.

Among the destructible strategies, GC is an excellent 
choice for PCP detection. GC was given a better ranking 
because it is more cost-effective and can deliver a rapid 
analysis with high sensitivity than the other destructible 
procedures. However, they are less reliable than elec-
trochemical sensors because of their low selectivity and 
high cost. Among non-destructible techniques, although 
XRF is not as cost-effective as electrochemical sensors, it 
ranks second due to its speed and ease of use, particularly 
in the wood preservation business. XRF has been used in 
the wood business for several years and has proven to be 
a flawless non-destructible approach; nevertheless, it is 

Table 3 Ratings of instruments based on different characteristics

a Ratings 1 to 4—poor; 5 to 8—good; 9 and 10: excellent

Instrument name Recovery rate Limit of detection Time Cost-effectiveness Rating (1–10)a

Colorimetry 100% g–mg N/A Low cost 4

UV–vis/IR 100% N/A Faster Low cost–recent technology 7

TLC N/A ng–pg Slower than GC and HPLC Higher than GC 6

GC 70–100% ng–pg Faster than HPLC Low cost 8

HPLC 50–108% ng–pg Slower than GC Higher than GC 7

XRF Results are more reliable N/A In minutes High cost 9

Electrochemical sensor 92–107% ng Quick and high selectivity High cost-effective 9.5
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less dependable and specific in the research sector since 
it identifies compounds based on elemental composition, 
such as chlorine in the case of PCP. HPLC comes next, 
despite its great sensitivity and recovery rate, because it 
is time-consuming and expensive. Thin layer chromatog-
raphy, like HPLC, received a lower ranking because of its 
low sensitivity, high time consumption, and high cost. 
The colorimetric method received a poor rating because 
of its low sensitivity and specificity, and it is not as widely 
used as other methods. Finally, UV–vis/IR spectrometry 
has a modest ranking because it is a low-cost instru-
ment used for qualitative analysis that supports the PCP 
obtained from GC and HPLC analyses.

Conclusion
PCP is a man-made substance that is widely distributed 
in the environment. Although it has been prohibited in 
some countries and phased out of industry in Canada, 
due to its persistence in the environment, it is critical to 
test PCP in diverse samples to determine a suitable reme-
diation approach for removing PCP from the environ-
ment. Several analytical tools and procedures have been 
used to examine PCP. In terms of PCP, GC is a popular 
analytical instrument for a variety of samples because 
of its ability to obtain PCP fast, at a low cost, and with 
maximum precision. Other instruments were not favored 
because they were difficult to handle, had poorer sensi-
tivity and precision, and were expensive.

Although HPLC is a good instrument, it has not been 
used to assess PCP for various samples because it is not 
suitable for them, possibly because of analyte and solvent 
incompatibility with the column. Developing a universal 
column for HPLC, similar to GC, could improve HPLC 
efficiency and lower analysis costs. Furthermore, because 
of the high cost of XRF, there is limited literature on the 
analysis of PCP in various sample matrices.

Further investigation into the usefulness of non-
destructible technologies such as XRF, not only in wood 
and wood solutions but also in various sample matrices, 
could assist in improving the effectiveness of PCP anal-
ysis. In addition to XRF, various other non-destructible 
technologies have been evaluated for efficacy. For exam-
ple, among all the approaches presented, EC, a non-
destructible method, is more reliable because of its faster 
response time, lower cost, and high specificity. Further-
more, research into modifying existing analytical proce-
dures to improve efficacy can be conducted. To improve 
precision and specificity in the EC approach, more stud-
ies are needed to find electrodes that are inexpensive 
and highly compatible with PCP detection. In addition 
to these analytical approaches, electrochemical chemi-
luminescence, ultra-high-performance supercritical fluid 
chromatography-mass spectrometry, and solid-phase 

microextraction have been developed for effective PCP 
analysis. As a result, this study has paved the way for 
some new studies to improve PCP analysis.
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