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ABSTRACT 

Biosolid model samples (BMSs) were developed to study the capacity of various matrixes to adsorb polybrominated diphenyl ethers (PBDEs) as a function 
of their composition. A commercial standard reference samples for biosolids containing a certified amount of PBDEs is currently not available for extraction 
evaluation. Therefore, this study will allow for the selection of an appropriate concentration of PBDEs to produce a reference material for analytes associated with 
the matrix. 

The sorption of PBDEs increased clearly concomitantly with the amount of organic matter present in the model, revealing that organic matter rather than the 
inorganic fraction is mainly responsible for the analyte-matrix interaction. Hydrophobic interactions are predominant in the retention of PBDEs in the biosolid 
matrix because more hydrophobic congeners are generally sorbed to a higher extent than those that are less hydrophobic.

In order to know the probable PBDE sorption mechanism on the model sample of biosolid, the Gibbs free energies were calculated using the Freundlich model, 
giving values between -8 and -10 kJ/mol. These results suggest that the sorption mechanism of the PBDEs is through physiosorption. Therefore, the Freundlich 
model should be satisfactory for describing the analyte behavior. 
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INTRODUCTION 

Polybrominated diphenyl ethers (PBDEs) are a class of compounds 
extensively used as brominated flame retardants in plastics and foams, including 
plastic housings of electronic equipment.1,2,3 These compounds decompose at 
temperatures near to 300°C or above depending on the blends available in the 
plastic object4. These compounds are also highly bio-accumulative, especially 
in the fatty tissue of animals,5,6,7. Studies in biota have demonstrated that the 
concentrations of PBDEs have increased with the trophic level8, suggesting 
biomagnification of PBDEs in aquatic ecosystems8,9. New evidence suggests 
that the degradation of highly brominated congeners could contribute to the 
accumulation of lower brominated PBDEs levels10,11,12. Studies in laboratory 
animals have established that PBDEs cause different toxic and harmful 
effects, such as liver toxicity, microsomal enzyme induction, immunological 
effects13,14,15, altered neurobehavioral16,17 and reproductive effects18,19. 
Consequently, the use of these compounds has recently been banned as flame 
retardants in both the USA and European Community (EC)20. 

Their addition as flame retardants to plastics and other polymers has 
caused their wide distribution in the environment because they are not strongly 
attached to the polymer matrix. 

Wastewater has proven to be a significant source of PBDEs in the 
environment and these compounds have been found from micrograms to 
milligrams per kilogram of dry sample in biosolids around the world21. 
Consequently, PBDEs can reach the environment through landfills, by emission 
to the atmosphere during incineration of sewage sludges or when biosolids are 
used as soil amendments. 

The concentrations of PBDEs in the environment depend on their 
interaction with the components of different environmental matrixes and on 
their physical-chemical properties, including both low solubility in water and 
low volatility; in particular, they tend to interact strongly with particulate matter 
in soils, sediments and biosolids22. Based on their log Kow values (between 5.7 
and 8.3), PBDEs should be preferentially retained in the most apolar phase of 
solid matrixes23.

Environmental solid matrixes are complex and heterogeneous systems 
and their interaction with organic pollutants can occur on both the organic 
and inorganic phases of the matrix. Organic matter (OM) includes living 
organisms and complex fractions, such as the humus formed by humic and 
non-humic substances24; by contrast, the inorganic phase consists of primary 
and secondary minerals. Both phases provide sorption sites that depend on the 
accessibility of different sorbates. 

Therefore, the interactions and mobility of organic pollutants in solid 
samples are complex, and there are many molecular interactions through a 
variety of mechanisms and transport processes.

The efficiency of an extraction analytical technique for organic analytes 

is usually tested using two types of reference samples: natively contaminated 
samples or spiked samples. There is evidence that the interactions are stronger 
and extraction recoveries are lower in contaminated samples than in spiked 
samples25,26. However, in both cases, the interaction between the analyte 
and matrix is unknown, assuming that the interaction occurs mainly with 
low polarity organic matter27,28. Considering that organic matter content is 
considerably higher in biosolids than in other solid matrices, such as soils, 
sediments, or airborne particulate matter, the sorption of analytes may affect 
the efficiency of extraction of organic contaminants from the matrix to a higher 
extent, and thus may contribute to a decrease in the recovery. Consequently the 
development of BMSs can be very useful for better understanding the analyte-
matrix interactions and for studying the efficiency of an analytical extraction 
technique. 

The purpose of this study was to develop biosolid model samples (BMSs) 
with varied composition in order to study the PBDES sorption capacity of the 
matrix as a function of its composition. In addition, we aimed to identify a 
reference material for future use as a standard in analytical extraction studies. 
Therefore, we choose organic and inorganic materials that are representative of 
real biosolids to simplify the interpretation of our results.

EXPERIMENTAL

Reagents
A PBDE standard solution of 1000 μg mL-1 in methanol (Grade Lichrosolv 

for chromatography, Merck, Darmstadt, Germany) was prepared from the PBDE 
mixture Great Lakes Chemical DE-71 (2,2′,4,4′-tetra-bromodiphenyl ether 
(BDE-47), 2,2′,3,4,4′- penta- bromodiphenyl ether (BDE-85), 2,2′,4,4′,5-penta- 
bromodiphenyl ether (BDE-99), 2,2′,4,4′,6-penta-bromodiphenyl ether (BDE-
100), 2,2′,4,4′,5,5′-hexa-bromodiphenyl ether (BDE-153), 2,2′,4,4′,5,6′-hexa-
bromodiphenyl ether (BDE-154)) (Wellington Laboratories, Guelph, Ontario, 
Canada). This solution was then used for calibration and PBDES sorption 
studies.

De-ionized water (NANOpure ultrapure water system; Barnstead, 
Dubuque, IA, USA) was used for the preparation of all aqueous solutions. 

Technical grade aluminium oxide 90 active neutral (Merck) and humic 
acid (HA) (Sigma-Aldrich, USA) were used as the components of the models.  
Humic acid was purified before use29.

In addition, 0.5 mol L-1 sodium dichromate (Merck), 100 mg mL-1 
saccharose (Merck) and sulfuric acid (Merck) were used for the determination 
of organic matter in biosolid samples. Hydrogen peroxide (Merck) and 
hydrochloric acid (Merck) were used for oxidation of organic matter. 

Finally, 0.01 mol L-1 methanol (Merck) and calcium chloride (Merck) were 
used for sorption studies. 

A clean-up procedure was carried out using n-hexane (Grade Lichrosolv 
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for chromatography, Merck), sulfuric acid, 5% (w/v) NaCl (Merck), and 
Na2SO4 (Merck). Nitrogen ultrapure (AGA, Santiago, Chile) was used as a 
carrier gas in GC-ECD.

Instruments and apparatus
The pH measurements were performed with a pMX-3000 pH meter 

(WTW, Germany). The BMSs were incubated in a model C24 incubator-shaker 
(New Brunswick, Scientific, NJ, USA). A Reciprocal model 2020 shaker 
agitator (Heidolph, Germany) was used to stir the sample suspensions for the 
sorption studies. All suspensions were centrifuged with a model Labofurge 400 
centrifuge (Heraeus Instruments, U.K.). Organic matter was determined using 
a 1 cm glass cell in a model UV-2 spectrophotometer, (ATI Unicam, U.K.). The 
PBDEs were determined in a Hewlett Packard model 5890 gas chromatograph 
with an electron capture detector.

Analytical Procedures 
Preparation of BMSs
A real biosolid sample obtained from the main wastewater treatment plant, 

Santiago, Chile was the basic component used for the models. Its organic 
matter content was 44.3 % and the sample had a pH of 7.0130. Using this real 
sample, three different biosolid models were prepared as follows: 

Biosolid A: The real biosolid sample was subjected to dry digestion 
in a muffle furnace at 360 ºC for 24 h to eliminate all the organic matter. 
Subsequently, the sample was kept for 6 h in a vacuum desiccator. Different 
portions of the digested sample were mixed with the original biosolid sample 
to yield five different BMSs containing different amounts of organic matter 
(Table 1). Each mixture was homogenized in an agate mortar for 10 min. 

Biosolid B: A second set of BMSs (biosolids B) was also prepared in 
which different portions of the digested sample were mixed with increasing 
amounts of purified humic acid. Each mixture was homogenized in an agate 
mortar for 10 min. The organic matter content in each of these model samples 
is shown in Table 1.

Table 1: Characterization of biosolid model samples.

BIOSOLID A
OC (% ± SD) OM (% ± SD) pH

MODEL 1-A BDL BDL 6.27 ± 0.01
MODEL 2-A 5.2 ± 0.9 9.0 ± 0.9 6.29 ± 0.01
MODEL 3-A 11.8 ± 0.1 20.4 ± 0.1 6.48 ± 0.01
MODEL 4-A 16.4 ± 0.7 28.2 ± 0.7 6.67 ± 0.01
MODEL 5-A 23.2 ± 0.2 40.0 ± 0.2 6.95 ± 0.01

BIOSOLID B
OC (% ± SD) OM (% ± SD) pH

MODEL 1-B BDL BDL 6.27 ± 0.01
MODEL 2-B 7.8 ± 0.9 13.5 ± 0.7 4.59 ± 0.01
MODEL 3-B 14.7 ± 0.1 25.4 ± 0.4 4.21 ± 0.01
MODEL 4-B 19.3 ± 1.9 33.2 ± 1.4 4.15 ± 0.01
MODEL 5-B 24.3 ± 0.5 42.0 ± 0.1 4.02 ± 0.01 

BIOSOLID C
OC (% ± SD) OM (% ± SD) pH

MODEL 1-C BDL BDL 6.56 ± 0.01
MODEL 2-C 5.9 ± 0.9 10.1 ± 0.8 4.68 ± 0.01
MODEL 3-C 12.4 ± 0.9 21.3 ± 0.3 4.60 ± 0.01
MODEL 4-C 18.7 ± 0.6 32.3 ± 0.7 4.53 ± 0.01
MODEL 5-C 25.6 ± 1.7 44.1 ± 1.3 4.23 ± 0.01 

BDL: Below detection limit

Biosolid C: The real biosolid sample was subjected to wet digestion of 
the organic matter with 30% (v/v) H2O2 in concentrated HCl. The inorganic 
residue was mixed with increasing amounts of purified humic acid to obtain 
five BMSs with different amounts of organic matter (Table 1).  Each mixture 
was homogenized in an agate mortar for 10 min. 

All samples were incubated under field conditions (humidity and 
temperature) in order to achieve greater uniformity and similarity to a real 
sample.

The organic matter content of each model sample (Table 1) was determined 
by the modified Walkey-Black method30.

Procedure to study the effect of organic matter on PBDE sorption in 
BMSs

An aliquot of around 1 g of each BMS sample was accurately weighed 
in duplicate and suspended in 10.00 mL of methanol in separate amber 
glass vials. The solutions were spiked with a PBDE mixture solution at one 
of two concentration levels (0.1 and 1.0 mg mL-1) and stirred for 15 h. The 
resultant mixture was centrifuged at 2000 rpm for 20 min. The supernatant 
was evaporated almost to dryness with N2 and the solvent was changed to 5 mL 
n-hexane for clean-up treatment and gas chromatography with electron capture 
detector (GC-ECD) determination.

Preparation of adsorption isotherms of PBDEs on the BMSs 
Aliquots (approximately 500 mg) of BMSs were accurately weighed in 

duplicate and suspended in 4 mL of a mixture (1:1, v:v) of methanol and CaCl2  
0.01 mol L-1. The resultant mixtures were spiked with PBDEs mixture solution 
to reach final concentrations from 0.1 to 500 mg mL-1 and stirred at 25°C for 
15 h. Then, the samples were centrifuged at 2000 rpm for 20 min. The PBDEs 
present in the liquid phase were extracted with 5 mL of n-hexane, cleaned up, 
and evaluated by GC-ECD.

Clean-up procedure 
The n-hexane phase containing the PDBEs was transferred to a separation 

funnel and then mixed with 50 mL of concentrated H2SO4. The funnel was 
shaken for 2 min. After phase separation, the H2SO4 phase was discarded. This 
procedure was repeated two times. Then, three 50 mL aliquots of 5 % NaCl 
were sequentially added to the funnel and shaken for 2 min each time. The 
aqueous phase was discarded. The remaining n-hexane phase was dried by 
passing it through a column containing 15 g of anhydrous Na2SO4 and finally 
cleaned with an additional 5 mL of n-hexane. The n-hexane extract was then 
evaporated with N2 to 1 mL and 120 mg of copper powder was added in order 
to eliminate sulfur31. At the final stage, the clean extract was evaporated to 1 
mL under a N2 current.  

Chromatographic procedure
Final determination was carried out by GC-ECD using a Zebron 

(Phenomenex, Torrance, CA, USA) ZB-5 fused silica capillary column (30 
m × 0.25 mm i.d., and 0.25 µm film thickness) coated with 5% phenyl–95% 
methylpolysiloxane. A 1-µL sample was injected into the column using 
split mode (1:10). The injector temperature was 250 ºC. The initial column 
temperature was 160 ºC (2 min), and increased by 10 ºC/min to 260 ºC, and 
then by 1.5 ºC/min to 280 ºC (2.0 min).  A constant flow of 1.0 mL/min of 
nitrogen was used as the carrier gas. The detector was maintained at 250 ºC. 

RESULTS AND DISCUSSION 

To model the sorption behavior of organic pollutants in environmental solid 
matrixes, the selected materials should be representative of both the inorganic 
and organic fractions. Alumina and silica are essential inorganic components 
in the clay of soils and sediments32 and humic acid is the representative organic 
component of humic substances. Because the processes of each wastewater 
treatment plant are different and its composition is unknown, modeling of a 
biosolid matrix is especially challenging.

In this study, different methods for modeling a representative biosolid 
containing a known content of organic matter were assessed. To control the 
amount of organic matter in the modeling sample, a real sample of biosolid 
was subjected to dry digestion in order to eliminate all the organic matter. The 
digested residue was then mixed with different portions of the original biosolid 
to yield a series of five BMSs (biosolid A) with different but known amounts 
of organic matter. 

After dry digestion, the inorganic remaining residue could have been 
modified with respect to the original inorganic fraction of the biosolid. This 
effect could have introduced a bias in the biosolid A model because two 
different inorganic fractions could have been present after mixing. To minimize 
bias, another BMS (termed biosolid B) was prepared, in which humic acid, as a 
representative of organic matter, was added in different portions (five samples) 
to the digested biosolid. 

A third alternative model (biosolid C) was prepared with wet digestion of 
the organic matter using H2O2 instead of dry digestion. After full oxidation of 
the organic matter, different portions of the inorganic residue were mixed with 
humic acid to prepare various samples. 

The organic matter content and the pH values of the samples are shown 
in Table 1. A previous determination indicates that PBDEs were not detected 
in BMSs.

Effect of organic matter on the PBDE sorption in BMSs
When a known amount of PBDEs was added in each of the models 

(biosolid A, B and C), the sorption increased concomitantly with the amount of 
organic matter present in the model (Figure 1). The three BMSs exhibited the 
same behavior, verifying that the organic matter is mainly responsible for the 
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PBDE-matrix interaction. 
As shown in Figure 1, hydrophobic interactions mainly contribute to 

the PBDEs retention in the biosolid matrix; more hydrophobic congeners 
are sorbed to a higher extent than less hydrophobic ones (hexa-BDE> penta-
BDE> tetra-BDE)33.  On the other hand, in addition to hydrophobic interactions 
through the aromatic rings, PBDEs can also interact via hydrogen bonds with 
the organic matter due to the presence of bromine and oxygen atoms. Biosolids 
A and B had a pH between 4 and 7, thereby allowing some carboxylate and all 
phenol moieties to be protonated; therefore, these protons were available to 
form hydrogen bond, thus strengthening the sorption interaction.

Biosolid models A, B and C revealed that the main interaction between 
PBDEs and the matrix is via hydrophobic organic matter.  If the structure of 
the inorganic material changed with temperature, the effect was negligible 
because the sorption behavior was similar for models B and C (Figure 1). 
Previous results34 revealed that biosolids contain variable amounts of clay, iron, 
manganese and aluminum oxides among other inorganic components, such as 
metals (Ni, Mn, Pb, Cr, Cd, Zn, Cu, Fe, Hg, etc), anions (chloride, hydroxides, 
carbonates and bicarbonates, or ammonium, potassium, phosphorus and 
calcium oxides)35. The real composition of a biosolid depends to the origin of 
water to be treated and on the reagents used during the treatment.  According 
the results obtained, the inorganic content does not influence the retention of 
the analytes (Figure 1). The amounts of these substances present in the biosolid 
should not be altered by the temperature used to digest organic matter in 
biosolid B. 

batch system containing a fixed amount of biosolid B, and the results are shown 
in Figure 2.

Different models, such as Langmuir, Freundlich37, dual-mode (DMM)24, 
distributed reactivity DRM37 have been used to describe the sorption of organic 
pollutants mathematically. Table 2 shows the parameters calculated with the 
Langmuir and Freundlich models. 

As shown in the isotherms (Figure 2), the analytes exhibited a non-linear 
relationship, which was also established in the values of 1/n (all lower than 1) 
calculated from the Freundlich model. Higher concentrations of analytes were 
not assayed because they are not representative of environmental matrixes. To 
compare the effectiveness and validity of the model, some statistical parameters 
were analyzed. The coefficient of determination (r2) showed that both models 
are useful to explain the sorption of analytes. On the other hand, the chi-square 
values (x2)39 (Table 2) shown that, in general, the Freundlich model has a higher 
trend of correlation between the calculated and experimental data. Thus, the 
Freundlich model is appropriate for describe the sorption of PBDEs in the 
samples studied.

Figure 1. Sorption behavior of PBDEs in the different biosolid model 
samples. 

Biosolid B was selected as the model for further studies because of its 
simplicity and homogeneity.

Adsorption isotherms
Adsorption isotherms were constructed in order to determine the maximum 

load of PDBEs that can be bound to the matrix without saturating the active 
sites. According to this result, a concentration of PDBEs will be selected in 
order to prepare a reference material which can be used in future studies of 
analytical extraction of the compounds from real biosolids. 

For this study, biosolid B was the selected model as established above. 
Considering the typical content of organic matter in real biosolids, a model 
containing a 42.0 % organic matter was prepared, according to the same 
procedure for preparation of previous model of biosolid B. 

Due to the extremely low solubility of PBDEs in water (6-40 µg L-1), the 
use of pure water or aqueous solutions was not feasible for studying sorption 
as this effect is indistinguishable from precipitation. Consequently, a solvent 
mixture containing methanol and CaCl2 0.01 mol L-1 in a 60:40 ratio36 was 
selected to keep the PDBEs dissolved after equilibrium and to maintain the 
ionic strength. Despite that this percentage of methanol is impractical, the 
constructed isotherm was useful for estimating the amount of PDBEs adsorbed 
by the matrix. 

The equilibrium time was investigated over a range of 3 and 24 h under 
stirring. All of the studied PBDEs reached equilibrium after 6 h, except for 
BDE-153, which required at least 12 h. Therefore, a time of 15 h was selected 
to obtain the isotherms. 

Previous to the adsorption studies, a blank system was analyzed to 
eliminate the possibility of sorption onto the beaker wall. 

An adsorption isotherm is a relationship between the amount of an analyte 
that is adsorbed from solution and held until reaching a steady state at a constant 
temperature and pressure. Adsorption isotherms for PBDEs were studied in a 

Figure 2. Adsorption isotherms for PBDEs on biosolid B. 

Because organic compounds may interact with the solid matrix through 
different mechanisms, these models can assist with the interpretation of the 
sorption. In order to understand the probable sorption mechanism of the PBDEs 
in the model sample of biosolid, the Gibbs free energy was calculated40 by: 

        (1)

The calculated values are shown in Table 3, indicating that the sorption 
process was spontaneous. The calculated DGº values were between -8 and -10 
kJ mol-1, suggesting that the sorption mechanism of the PBDEs in the sample 
model of the biosolid was through physiosorption. Therefore, the Freundlich 
model should be satisfactory for describing the analyte behavior. 

Due to the absence of commercial standard reference samples for biosolids 
containing a certified amount of PBDEs for extraction evaluation, this study 
will allow for the selection of an appropriate concentration of PBDEs to 
produce a reference material in which the analytes are strongly retained and not 
easily extracted. Therefore, an extraction technique can be assessed in regard to 
its capability for extracting PBDEs that interact with the matrix.  
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Table 2: Sorption parameters of the Freundlich and Langmuir isotherm models describing PBDE adsorption.
FREUNDLICH LANGMUIR

Congener KF 1/n r2 KOC* x2 Q0 B r2 KM** x2

BDE-47 12.9 ± 1.9 0.64 ± 0.04 0.986 30.7 ± 3.2 0.279 21.3 ± 2.5 0.061 ± 0.005 0.998 16.4 ± 2.1 3.953
BDE-85 16.3 ± 0.2 0.68 ± 0.04 0.990 38.8 ± 3.2 0.990 41.0 ± 0.3 0.053 ± 0.001 0.974 18.1 ± 0.9 4.07
BDE-99 13.7 ± 0.9 0.71 ± 0.02 0.998 32.6 ± 4.6 0.376 48.3 ± 2.2 0.031 ± 0.005 0.992 32.3 ± 1.5 0.468
BDE-100 15.0 ± 0.7 0.55 ± 0.08 0.986 23.8 ± 3.1 0.447 38.3 ± 2.0 0.043 ± 0.006 0.992 30.2 ± 1.5 2.73
BDE-153 18.5 ± 0.3 0.63 ± 0.04 0.990 44.0 ± 2.6 1.675 53.4 ± 0.4 0.011 ± 0.003 0.998 90.9 ± 8.3 0.074
BDE-154 18.0 ± 0.2 0.79 ± 0.03 0.996 42.9 ± 3.0 0.471 55.2 ± 2.2 0.012 ± 0.003 0.998 83.1 ± 5.8 0.104

*  KOC = KF/%OC   **KM = 1/b
Table 3: Calculated Gibbs free energy values.

FREUNDLICH MODEL
Congener DG° (kJ mol-1)
BDE-47 -10.20
BDE-85 -8.07
BDE-99 -9.99
BDE-100 -9.21
BDE-153 -8.80
BDE-154 -8.64

DG° calculated from the values of R: 8.314 J/K mol and T: 298.15K
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