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a b s t r a c t

The sorptive behavior of four quaternary ammonium compounds (QACs) – hexadecyl tri-

methyl ammonium chloride (C16TMA), dodecyl trimethyl ammonium chloride (C12TMA),

hexadecyl benzyl dimethyl ammonium chloride (C16BDMA), and dodecyl benzyl dimethyl

ammonium chloride (C12BDMA) – to municipal primary, waste activated, mesophilic

digested, and thermophilic digested sludges was assessed at 22 �C. Batch adsorption of all

four separately tested QACs to primary sludge reached equilibrium within 4 h. At

a nominal, initial QAC concentration of 300 mg/L and a sludge volatile solids concentration

of 1 g/L, the extent of adsorption was 13, 88, 67, and 89% for the C12TMA, C16TMA, C12BDMA,

and C16BDMA, respectively, and correlated positively to the QAC hydrophobicity and

negatively to their critical micelle concentration. Equilibrium partitioning data were

described by the Freundlich isotherm model. The adsorption capacity of the four sludges

was very similar. In binary QAC mixtures, QACs with relatively high adsorption affinity and

at relatively high aqueous concentrations decreased the adsorption of QACs with a low

adsorption affinity. At pH 7, about 40% of the sludge-C12TMA desorbed, whereas less than

5% of the sludge-C16BDMA desorbed in 10 days. The effect of pH was negligible on the

desorption extent of C12TMA at a pH range 4–10 over 10 days, whereas increasing the

solution pH to 10 resulted in more than 50% desorption of C16BDMA. Given the fact that

approximately 50% of the municipal biosolids are land-applied in the US, the data of this

study would help in the assessment of the fate of QACs and their potential effect on human

and environmental health.

ª 2009 Elsevier Ltd. All rights reserved.
1. Introduction aquatic sediments. Ionic surfactants constitute approxi-
The wide use of surfactants in various industries and

everyday life leads to their occurrence in wastewater, surface

and ground water, thus constituting an ecological potential

risk for aquatic organisms (Khan and Zareen, 2006). Most

surfactants are biodegradable under aerobic conditions, but

adsorption usually outcompetes biodegradation since they

have a high affinity to adsorb onto (bio)solids. As a result,

surfactants are frequently found in municipal sludge and
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mately two-third of all surfactants used (Adak et al., 2005;

Purakayastha et al., 2005).

Quaternary ammonium compounds (QACs) are exten-

sively used in domestic, agricultural, healthcare and indus-

trial applications as surfactants, emulsifiers, fabric softeners,

disinfectants, pesticides, corrosion inhibitors and personal

care products (Garcia et al., 1999; Steichen, 2001; Patrauchan

and Oriel, 2003; Xia et al., 2005; Tezel et al., 2006). The 2004

world-wide annual consumption of QACs was reported as
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500,000 tons (CESIO, 2004) and was expected to increase in the

future. About 75% of the QACs consumed annually are

released into wastewater treatment systems. A recent study

conducted in Austria reported the following ranges of total

QAC concentrations in domestic wastewater, effluent waste-

water, sewage sludge, and surface water: 25–300 mg/L, 0.3–

3.6 mg/L, 22–103 mg/kg (weight/dry-weight), and 0.2–3.0 mg/L,

respectively (Martinez-Carballo et al., 2007a, b). Sorption to

biomass combined with the long half-lives of QAC degrada-

tion results in accumulation of QACs on the wastewater

biosolids through sorption by ion exchange, ion pairing and/or

hydrophobic bonding (Xia et al., 2005; Tezel et al., 2006; Tezel

and Pavlostathis, 2009).

Approximately 6.9 million tons (dry weight) of wastewater

originated biosolids were generated in the US in 1998 and their

production is estimated to reach 8.2 million tons by 2010 of

which about 48% will be land-applied (Xia et al., 2005; USEPA,

1999). Land application of QACs-bearing biosolids along with

many other contaminants may result in the accumulation of

these pollutants in soil overtime leading eventually in the

contamination of water resources through leaching and runoff

(Xia et al., 2005; Cha and Cupples, 2009). Moreover, it was

recently reported that the presence of QACs in QAC-polluted

environments contributes to the induction and co-selection of

antibiotic resistance of bacteria which is currently an alarming

human health concern (Gaze et al., 2005).

Although extensive information exists on the sorption of

anionic surfactants, pharmaceuticals and personal care prod-

ucts (Wang et al., 1993; Delle Site, 2001; Carballa et al., 2008), few

sorption studies have been performed with cationic surfactants

(Garcia et al., 2006; Clara et al., 2007). As mentioned above, QAC

concentrations in municipal wastewater are very low and

QACs have high affinity to adsorb on biosolids. However, QACs

have been detected in surface water downstream from the

discharge of wastewater treatment plants which indicates an

equilibrium process during the treatment rather than

a complete removal. Investigation of adsorption-desorption

phenomena of QACs in municipal sludge is, therefore, of great

importance from an environmental point of view, because

sorption may affect the toxicity, bioavailability and degrada-

tion, bioaccumulation and the overall fate of QACs in the

environment. The work presented here addresses the extent of

adsorption of four QACs to four types of municipal sludge as

well as desorption of two selected QACs.
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Fig. 1 – Chemical structures of the four QACs used in this

study.
2. Materials and methods

2.1. Quaternary ammonium compounds (QACs)

Four QACs belonging to either monoalkonium or benzalko-

nium chlorides were used in this study. Dodecyl trimethyl

ammonium chloride (C12TMA) was obtained from TCI Amer-

ica (Portland, OR, USA). Hexadecyl trimethyl ammonium

chloride (C16TMA) was purchased from Acros-Organics

(Morris Plains, NJ, USA). Hexadecyl benzyl dimethyl ammo-

nium chloride (C16BDMA) and dodecyl benzyl dimethyl

ammonium chloride (C12BDMA) were purchased from Sigma–

Aldrich (St. Louis, MO, USA). Stock suspensions (10,000 mg/L)

of each individual QAC were prepared in deionized (DI) water
based on their purity. The chemical structure, purity and other

properties of the four tested QACs are presented in Fig. 1 and

Table 1.
2.2. Municipal sludges

Four municipal sludge types were used in this study. Primary

sludge and thickened waste activated sludge samples were

obtained from a wastewater treatment plant in Pinellas

County, Florida, USA. Digested mesophilic (36 �C) and ther-

mophilic (53 �C) sludge samples were obtained from labora-

tory-scale digesters fed with a mixture of Pinellas County

primary/activated sludge (15/85%, total solids basis) (Kabouris

et al., 2009). Given the expected high affinity of QACs for

biosolids, the four sludge samples were diluted with tap water

to a volatile solids (VS) concentration of approximately 1 g/L

and the pH adjusted to 7 with 1 N NaHCO3 or 0.2 N HCl. In

order to suppress any biological activity and prevent possible

biotransformation of the QACs, sodium azide was added to

the diluted sludge samples to a final concentration of 200 mg/

L. The diluted sludge samples were transferred to 2-L glass

bottles, sealed with rubber stoppers and their headspace was

flushed with helium gas for 15 min. The bottles were then kept

under refrigeration (4 BC) in the dark. The properties of the

four diluted sludge samples are listed in Table 2.
2.3. Adsorption kinetic assay

An adsorption kinetic assay was carried out to determine

the time required for the adsorption of the four QACs tested

individually to reach equilibrium. Each of the four QACs



Table 1 – Properties of four QACs used in this study.

Property C12TMA C16TMA C12BDMA C16BDMA

Chemical formula C15H34 NCl C19H42 NCl C21H38 NCl C25H46 NCl

Molecular weight (g/mol) 263.9 319.8 340.0 396.1

Purity (%) 100 99 99 97

pHa 5.13 4.63 5.22 4.72

Water solubility (mg/L @ 25�C) 1–10Eþ4b 440b 5–7.5Eþ5c 8.5Eþ4c

Theoretical C content (mg/L) 136.4 142.6 148.2 145.4

DOC (mg/L)a 131� 11d 147� 17 149� 14 154� 9

COD (mg/L)a 442� 27d 465� 5 491� 64 542� 19

a In 200 mg/L solution in DI water.

b Kunieda and Shinoda (1978).

c Syracuse Research Corporation (2003).

d Mean � standard deviation (triplicate measurements).
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(C12TMA, C16TMA, C12BDMA, and C16BDMA) was tested at an

initial concentration of about 300 mg/L. Duplicate samples

were prepared in 250-mL Erlenmeyer flasks (150 mL liquid

volume) as follows. An aliquot of 145 mL of sodium azide-

amended primary sludge (1 g VS/L) was transferred to each

Erlenmeyer flask. An aliquot of each QAC working solution

was then added to arrive at the desired initial QAC

concentration and the total liquid volume was adjusted to

150 mL with DI water. The flasks were sealed with stoppers

and shaken at a rate of 190 rpm with an orbital shaker at

22 �C in the dark. Blank QAC series without primary sludge

were prepared and manipulated in the same manner for

possible QAC losses and/or background interferences. The

total and liquid phase QAC concentration was determined

as described below (see Section 2.6). The liquid phase QAC

concentration was measured after centrifugation at

10,000 rpm for 15 min. Quantification of the aqueous QAC

concentrations were performed at nine time intervals (0, 1,

2, 4, 24, 72, 120, 168, and 240 h). At the end of the kinetic

assay, the mass of each QAC adsorbed to the sludge was

calculated based on the difference of the total and aqueous

QAC mass.
Table 2 – Properties of diluted sludge samples used in this
study.

Parameter Primary
sludge

Activated
sludge

Mesophilic
digested
sludge

Thermophilic
digested
sludge

pH 7.25 7.33 7.03 7.02

TS (g/L) 1.2� 0.1a 1.6� 0.1 1.8� 0.1 1.9� 0.1

VS (g/L) 1.0� 0.2 1.1� 0.1 1.2� 0.1 1.2� 0.1

VS/TS 0.83 0.69 0.67 0.63

Total COD

(mg/L)

1729� 70 1365� 40 1714� 28 1800� 58

Soluble COD

(mg/L)

364� 47 271� 29 235� 28 226� 20

Ammonia

(mg N/L)

12.2 10.5 27.0 43.2

DOC (mg/L) 118� 9 99� 5 15� 1 30� 2

a Mean� standard deviation (triplicate measurements).
2.4. Adsorption isotherm assay

The adsorption of the four QACs on each of the four sludge

types was tested by 24-h equilibration of QAC solutions with

sludge in another batch assay. The assay was performed at

a broad QAC concentration range between 50 and 300 mg/L

and at 1 g VS/L sludge concentration. Although the QAC

concentration range is higher than what is expected in

municipal wastewater, it is comparable to what is found in

anaerobic digesters (Ying, 2004). Relatively high QACs and low

sludge VS concentrations were used in this assay to obtain

equilibrium liquid phase QAC concentrations above the

minimum detection limit of the analytical method used for

QAC analysis in this study (see below, Section 2.6), and thus

arrive at reliable isotherms. The time required for adsorption

to reach equilibrium was determined based on the above-

described kinetic assay. Triplicate samples were prepared in

250-mL Erlenmeyer flasks with azide-amended sludge (1 g VS/

L), amended with each QAC separately and at initial concen-

trations of 50, 75, 100, 150, 200, 250, and 300 mg/L. The flasks

were sealed with stoppers and shaken at a rate of 190 rpm

with an orbital shaker for 24 h at 22 �C in the dark. Blank QAC

series without sludge were prepared and manipulated in the

same manner as the QAC-amended sludge series. The phase

distribution of QACs was determined at the end of the batch

adsorption assay by quantifying both the total and liquid

phase QAC concentration, and then the mass adsorbed on the

sludge was calculated by difference.

The Freundlich isotherm was used to describe the QAC

adsorption equilibrium data. The Freundlich model, which

was originally developed as an empirical expression that

accounts for surface heterogeneity and exponential distribu-

tion of sites and their energies, is an appropriate model when

more than one sorption mechanism apply (e.g., ion exchange

and nonion exchange) (Schwarzenbach et al., 2003). The

Freundlich isotherm equation is as follows: qe¼ KFCe
n; where

qe is the QAC concentration on the biomass at equilibrium (mg

QAC/g VS), Ce is the QAC concentration in the liquid phase at

equilibrium (mg QAC/L), KF is the adsorption capacity factor

((mg/g VS)(L/mg)n), and n is the Freundlich intensity parameter

(exponent). The experimental data were fitted to the Freund-

lich isotherm equation and the adsorption parameter values

(KF and n) were estimated using non-linear regression (Sigma
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Plot, Version 8.02 software; Systat Software Inc., San Jose, CA,

USA).

Another batch adsorption assay was carried out using three

binary QAC mixtures in diluted (1 g VS/L) primary sludge. The

binary QAC mixtures were prepared based on three levels of

QAC molar concentrations: low (0.18 mM), medium (0.38 mM),

and high (0.76 mM). The three QAC mixtures tested were:

mixture A, high C12TMA (200 mg/L) and low C16BDMA (75 mg/

L); mixture B, low C12TMA (50 mg/L) and high C16BDMA

(300 mg/L); mixture C, medium C16TMA (120 mg/L) and

medium C16BDMA (150 mg/L). All other procedures for this

assay followed those described above for individual QACs. Due

to the inability of the spectrophotometric method to distin-

guish each QAC in QACs mixtures, C16BDMA in binary QAC

mixtures was determined by high performance liquid chro-

matography (HPLC) as described below (see Section 2.6), and

then the concentration of C12TMA or C16TMA was calculated

by difference based on the fact that the total absorbance of

QAC mixtures is equal to the sum of the absorbance of each

QAC in the mixture. The additivity of QAC absorbance was

confirmed by conducting a preliminary test using single and

binary QAC mixtures.

2.5. Desorption assays

Three batch desorption assays, each conducted in five

successive desorption steps lasting up to 10 days, were per-

formed using 1 g VS/L primary sludge equilibrated with either

C12TMA or C16BDMA for 1, 3, or 10 days. C12TMA and C16BDMA

were selected as the sorbates since they have the lowest and

the highest adsorption affinity to sludge, respectively, based

on the results of the adsorption assays. The successive

desorption assays were performed at pH 7 as follows: three

replicate Teflon centrifuge tubes were filled with approxi-

mately 20 g sample of QAC-equilibrated primary sludge, which

had undergone adsorption for either 1, 3, or 10 days. The sludge

samples were centrifuged at 10,000 rpm for 30 min and about

90% of the supernatant was then removed and replaced with

DI water which contained sodium azide (200 mg/L). The tubes

were agitated for 10 min using a vortex mixer and then placed

in an orbital shaker for continuous mixing at 190 rpm. Peri-

odically, the tubes were centrifuged and about 90% of the

supernatant was removed and analyzed for the target QACs.

The removed supernatant was replaced with an equal volume

DI water and sodium azide, agitated, and returned to the

shaker. Before the addition of DI water, the QAC mass

remaining in the interstitial water of the sludge and remaining

supernatant was quantified as the product of the measured

supernatant QAC concentration and the mass/volume of the

remaining water (interstitial and supernatant), determined

gravimetrically. The calculated QAC mass was subtracted

from the subsequently measured QAC mass to determine the

actual, net desorbed QAC mass during each re-equilibration.

Five re-equilibrations (equivalent 10 days of desorption) were

performed for each QAC and for 1, 3, or 10 day adsorption

equilibration. Similar batch assays were performed at 10 days

adsorption equilibration period to elucidate the effect of pH on

the desorption process. These assays were conducted at pH 4

and 10 and the pH was adjusted by the addition of either 0.5 N

HCl or NaOH.
2.6. Analytical methods

COD, TS, VS, and pH were measured following procedures

outlined in Standard Methods (APHA, 2005). Dissolved organic

carbon (DOC) was determined using a Shimadzu Total Organic

Carbon (TOC) Analyzer equipped with an infrared detector for

CO2 measurement (Shimadzu Scientific Instruments, Inc.,

Columbia, MD).

Quantification of single QACs in whole and centrifuged

(10,000 rpm for 15 min) sludge samples was performed using

a previously reported and modified disulfine blue method

(HMSO, 1980). Detailed information on the quantification of

QACs using the modified disulfine blue method was reported

elsewhere (Tezel et al., 2006). The minimum method detection

limit was 0.2 mg QAC/L. C16BDMA in binary QAC mixtures was

quantified by liquid chromatography as described elsewhere

(Tezel and Pavlostathis, 2009).

The critical micelle concentration (CMC) value of the QACs

used in this study was measured using a method based on the

tautomerism of benzoylacetone (Dominguez et al., 1997). The

absorbance spectrum of aqueous benzoylacetone has two

characteristic maximum wavelengths at 250 and 312 nm,

corresponding to the ketonic and enolic form of benzoylace-

tone, respectively. The enolic absorbance increases sharply

when the surfactant concentration reaches the CMC value and

exceeds this value, while the ketonic absorbance decreases.

Based on the above-described method, the CMC values of the

QACs used in this study were measured as follows. Aliquots of

0.5 mL benzoylacetone solution (0.03 M) and 2.5 mL QAC

solutions ranging from 0.1 to 100 mM were transferred into

glass cuvettes and after 10 min, the absorbance at 312 nm was

measured. A plot of absorbance at 312 nm versus QAC

concentration results in a sharp inflection point, which defines

the CMC value.
3. Results and discussion

3.1. Adsorption kinetics

The adsorption of the four QACs to the primary sludge,

determined for equilibration times ranging from 1 to 240 h,

followed a biphasic pattern: a fast adsorption within 1–2 h and

a slow phase beyond this time period (Fig. 2). As adsorption

equilibrium was established within 4 h, data beyond 24 h are

not shown in Fig. 2. The rapid attainment of equilibrium is

consistent with previously published reports on the adsorp-

tion of cationic surfactants on activated sludge (Urano and

Saito, 1984; Garcia et al., 2004, 2006). For an initial, nominal

QAC concentration of 300 mg/L, the fraction of QACs adsorbed

to the primary sludge after 24 h equilibration was as follows:

C12TMA, 13%; C16TMA, 88%; C12BDMA, 67%; and C16BDMA,

89%. These results indicate that the extent of QAC adsorption

on the primary sludge increased as the QAC alkyl chain length

increased. These observations are in good agreement with

those reported by Garcia et al. (2004) and Garcia et al. (2006) for

sorption of alkyl trimethyl ammonium and alkyl benzyl

dimethyl ammonium compounds on activated sludge which

showed a higher extent of adsorption with increasing alkyl
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Fig. 2 – Adsorption kinetics of four QACs to dilute (0.1% VS)

municipal primary sludge at 24 h (Error bars represent one

standard deviation of the means).
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chain length. Tezel et al. (2006) also reported that the affinity

of QACs for biomass in a mixed methanogenic culture

increased with increasing QAC alkyl chain length, which is

consistent with the relative hydrophobicity of the tested

QACs.
3.2. Adsorption equilibrium of single QACs

Adsorption of four QACs belonging to monoalkonium and

benzalkonium chlorides (i.e., C12TMA-Cl, C16TMA-Cl,

C12BDMA-Cl and C16BDMA-Cl), on primary, waste activated,

mesophilic digested, and thermophilic digested sludge was

investigated at QAC concentrations up to 300 mg/L (i.e., at

concentrations below the CMC values; see below, Section 3.2).

Adsorption kinetic assays showed that equilibrium was

reached in more than 3 h, but less than 24 h for all sludge types

and QACs used in this study (see above). Freundlich adsorption

isotherms and the estimated parameter values (KF, capacity

factor/sorption affinity and n, Freundlich exponent) are given

in Fig. 3 and Table 3, respectively. The Freundlich isotherm

model represented well the QAC adsorption on municipal

sludge biosolids indicated by regression coefficient values of

the non-linear fits above 90% (Table 3). In all cases, the value of

n was less than 1 which indicates that as the QAC concentra-

tion increases, the adsorption free energy becomes weaker,

thus making it more difficult for additional QAC molecules to

sorb. This type of behavior occurs where sorbent adsorption
sites are occupied instantly at low sorbate concentrations and

the remaining binding sites are less accessible to the sorbate

molecules. Such isotherms are encountered in adsorption

processes that involve hydrophobic (e.g., sorption to activated

carbon) and/or ionic (e.g., sorption to clay mineral) interac-

tions between sorbate and sorbent which is the case of QAC

sorption to biosolids (Schwarzenbach et al., 2003). In fact, n

values showed some variability between the sludges tested,

although the chemical composition (i.e., lipid, carbohydrate

and protein fractions of VS) of all sludges is relatively similar

(Kabouris et al., 2009). The n values for primary sludge

(0.71� 0.10) and waste activated sludge (0.75� 0.08) were

higher than the n values for mesophilic digested (0.56� 0.02)

and thermophilic digested sludges (0.56� 0.09), which indi-

cates that the adsorption sites of the first two sludge types are

more homogeneous than the sites of the two digested sludges.

Therefore, QAC sorption to primary and waste activated

sludge is a continuum, whereas active sorption sites of the two

digested sludges are occupied at very low QAC concentrations.

These results agree with previous observations that sludge

digestion results in smaller, colloidal solids with a heteroge-

neous structure, which also results in poor sludge settleability

and dewaterability. The n values of the four QACs tested were

similar for a specific sludge sorbent, which indicates that n

depends mainly on sorbent properties and less on the sorbate.

The adsorption capacity factors (KF) were expressed in

terms of molar QAC concentration in order to better

compare the KF values obtained in this study to those

previously reported (Fig. 4). The KF values for both mono-

alkonium and benzalkonium chlorides increased with

increasing alkyl chain length for all municipal sludges tested

and benzyl containing homologues had higher KF values

than non-benzyl containing QACs (Fig. 4). According to these

results, the affinity of individual QACs to adsorb on munic-

ipal biosolids forms the following series in descending order:

C16BDMA, C16TMA, C12BDMA and C12TMA. The adsorption

affinity of a particular QAC, in fact, was similar for every

municipal sludge tested in this study and comparable with

previously reported values (Garcia et al., 2004, 2006) (Fig. 4).

These results suggest that the adsorption affinity depends

mainly on the QAC structure and less on the sorbent type/

composition when the QAC affinity is normalized to the VS

concentration.

Tezel et al. (2006) reported KF and n values of 12.8� 3.2 (mg/g

VS)(L/mg)n and 0.31� 0.09, respectively, for a mixture of (% w/w)

C12 (40), C14 (50), and C16 (10) alkyl benzyl dimethyl ammonium

compounds for a mixed methanogenic culture. When the

composition of the QAC mixture used by Tezel et al. (2006) was

taken into account along with the KF values of individual QACs,

the calculated KF value for the QACs mixture was about 11 (mg/g

VS)(L/mg)n which is very close to value found in the present

study. The Freundlich intensity parameter (n) values for ben-

zalkonium and dialkonium chlorides reported by Tezel et al.

(2006) for several QACs and a mixed methanogenic culture were

much lower (ranged between 0.25 and 0.42) than the n values

measured for various sludges used in the present study. Thus,

for the same adsorption capacity (KF value) and liquid phase

equilibrium QAC concentration (Ce), municipal sludges had

a much higher VS-normalized mass of adsorbed QAC than the

methanogenic culture. The reason of this difference is
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Table 3 – Freundlich adsorption isotherm parameter
values of four QACs in dilute (0.1% VS) primary, waste
activated, mesophilic, and thermophilic digested sludge.a

QAC KF (mg/g VS)(L/mg)n n R2

Primary sludge

C12TMA 1.28� 0.24b 0.64� 0.03 0.992

C16TMA 28.90� 3.29 0.61� 0.03 0.992

C12BDMA 4.73� 0.86 0.83� 0.04 0.993

C16BDMA 20.73� 1.90 0.76� 0.03 0.996

Waste activated sludge

C12TMA 0.95� 0.15 0.70� 0.03 0.995

C16TMA 21.19� 3.32 0.69� 0.05 0.986

C12BDMA 3.81� 0.67 0.86� 0.04 0.994

C16BDMA 18.89� 2.16 0.74� 0.04 0.993

Mesophilic digested sludge

C12TMA 3.14� 1.29 0.56� 0.08 0.932

C16TMA 48.36� 4.21 0.54� 0.03 0.983

C12BDMA 10.76� 2.09 0.58� 0.05 0.989

C16BDMA 82.03� 24.13 0.56� 0.12 0.922

Thermophilic digested sludge

C12TMA 2.86� 1.49 0.64� 0.11 0.923

C16TMA 49.88� 6.24 0.48� 0.03 0.989

C12BDMA 9.76� 1.44 0.63� 0.03 0.992

C16BDMA 99.66� 20.85 0.48� 0.07 0.936

a At 24 h adsorption equilibration period.

b Mean� standard error (number of data points¼ 8).
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attributed to the high ionic strength of the culture media used in

the experiments by Tezel et al. (2006) which may have

decreased the ionic interactions between QACs and biomass

and resulting in depressed adsorption.

The adsorption of QACs onto charged hydrophobic

sorbents, such as biosolids, occurs via two mechanisms, ion

exchange and hydrophobic interactions. In such a case, the

adsorption isotherm has three regions depending on the QAC

concentration (Ingram and Ottewill, 1990). At low QAC

concentrations (i.e., <0.1 CMC), the main adsorption mecha-

nism is ion exchange by which the cationic QAC head group

interacts with the sorbent negative sites by replacing weakly

bound cations on the sorbent surface. As the QAC concentra-

tion increases and the cation exchange capacity of the sorbent

is exceeded, hydrophobic interactions dominate and the

sorbent surface is covered by a monolayer or multilayer of

QACs up until their CMC when their sorption ceases (Ingram

and Ottewill, 1990). Although QACs are water soluble,

a substantial sorption to sludge occurs due to the hydrophobic

nature of the QAC alkyl chain. The hydrophobic interaction of

QAC with the sludge organic components seems to be the

dominant among other possible sorption mechanisms at the

concentration range used in the present study. As stated above,

in the present study, the dodecyl QACs had a lower affinity for

the sludge than the hexadecyl QACs. These observations

suggest that at neutral pH, the QAC alkyl chain length is the

major controlling factor of the hydrophobic QAC-sludge inter-

action rather than the type of sludge at the tested
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concentrations. A previous study on the adsorption of C12TMA

and C16TMA on kaolinite showed that although adsorption was

attributed to both cation exchange and hydrophobic interac-

tions, the surfactant alkyl chain length had an insignificant

effect on adsorption via cation exchange, but it did promote

stronger hydrophobic interactions (Li and Gallus, 2007).

Given the low QAC concentrations typically encountered in

environmental media, the interpretation of QACs adsorption

using the isotherms obtained in this study at relatively high

QAC concentrations may be questionable when extrapolating

to low QAC concentrations. As mentioned above, the main

adsorption mechanism at low QAC concentrations is ion

exchange as opposed to hydrophobic interactions which are

predominant at high QACs concentrations. However, at low

QAC concentrations, the QAC adsorption by ion exchange is

suppressed by the presence of competitive cations, such as

Naþ, Ca2þ, and NH4
þ (Koopal, 1997). Given the relatively high

concentrations of inorganic cations typically present in

municipal sludge, adsorption of QACs at low concentrations

by ion exchange is expected to play a minor role. Therefore,

the isotherms presented here can effectively be used at low

QAC concentrations when the sorbent is municipal sludge. At

relatively high QAC and cation concentrations, the adsorption

of QACs is not expected to be affected since hydrophobic

interactions are the predominant mechanism. In the present

study, although the NH4
þ concentration in the four municipal

sludges used was different, especially between digested and

non-digested sludges (Table 2), the KF values obtained for an

individual QAC were comparable (Fig. 4), which further

supports the above statement relative to the negligible effect

of cations in the case of relatively high QAC concentrations.
Mass balance calculations performed at the end of each

batch adsorption assay showed that there were no QAC losses.

The phase distribution of the four QACs in dilute (0.1% VS)

primary sludge is shown in Fig. 5. For comparison, a line is

drawn which represents 100% QAC recovery. Thus, QAC losses

did not occur during the adsorption assay and 100% of the

initially added QACs were recovered. After 24 h adsorption

equilibration, the fraction of aqueous QAC in the primary

sludge samples was 75, 3, 27, and 10% for the C12TMA, C16TMA,

C12BDMA, and C16BDMA series, respectively, at total, initial

QAC concentration of 50 mg/L, while at 300 mg/L total, initial

QAC concentration the aqueous QAC fraction was 87, 12, 33,

and 11%, respectively, indicating that the aqueous QAC frac-

tions decreased at a total initial QAC concentration above

50 mg/L (Fig. 5). However, each QAC exhibited a different

adsorption affinity for the sludge: the longer the hydrophobic

alkyl chain, the higher the QAC adsorption affinity. A similar

phase distribution of all four QACs was observed for the other

three sludge types tested (data not shown).

A fundamental property of surfactants is their ability to

form micelles in solution. The CMC values of C12TMA, C16TMA,

C12BDMA, and C16BDMA, measured in this study, are 5576, 418,

1293, and 229 mg/L (21.1, 1.3, 3.8, and 0.6 mM), respectively. As

reported for different surfactant types, the CMC value

decreases with increasing alkyl chain length of a particular

surfactant homologue (Garcia et al., 2004, 2006; Rosen, 2004;

Tehrani-Bagha et al., 2007). In the present study, the general

behavior of the tested QACs was consistent with that described
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above, i.e., the CMC value decreased with increasing alkyl chain

length. In addition, the benzalkonium chlorides had a signifi-

cantly lower CMC value compared to the monoalkonium

chlorides. A satisfactory correlation between CMC and KF was

obtained for each sludge sorbent used in this study (Fig. 6). The

relation between CMC (in mM) and KF was expressed using the

following equation:

log KF ¼ A� Bðlog CMCÞ

where A is the intercept and B is the slope of the regression

line. Thus, the reciprocal of B correlates with the adsorption

intensity. Noticing that the A and B values for all sludges were

similar, indicates the significance of the sorbate on adsorption

affinity rather than the sludge type. The inverse relationship

between the CMC value and the adsorption capacity factor (KF)

value of the four QACs tested in the present study (Fig. 6) is

consistent with the results of Tehrani-Bagha et al. (2007) who

stated that the lower the CMC value of a surfactant, the higher

its adsorption affinity. The pattern of KF dependence on alkyl

chain length (Fig. 4) for monoalkonium and benzalkonium

chlorides is similar to the pattern of KF dependence on CMC

(Fig. 6) which indicates hydrophobicity is the major factor

affecting the adsorption of QACs to biosolids and is well rep-

resented by the CMC. According to these results, the adsorp-

tion affinity increases with increasing alkyl chain length. The

benzyl group further enhances the QACs adsorption affinity

but the benzyl group effect diminishes as the total carbon

number of the alkyl chain increases (Fig. 4). For all practical
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contains 18 or more carbons.

3.3. Adsorption of binary QAC mixtures

Because QAC mixtures are used in most applications

(Tezel et al., 2006, 2007), the co-adsorption of C12TMA, C16TMA

and C16BDMA to dilute primary sludge in binary QAC mixtures

was tested. The results of this test, shown in Table 4, demon-

strate the effect of binary QAC mixtures on the adsorption

affinity of individual QACs in dilute primary sludge. When

C12TMA, which has a low adsorption affinity, was used at

a relatively high initial concentration (0.76 mM), its adsorption

to primary sludge decreased in the presence of a low concen-

tration (0.18 mM) C16BDMA, which has a high adsorption

affinity (mixture A). The decrease in C12TMA adsorption was

pronounced as its initial concentration was decreased to

0.18 mM and the initial C16BDMA concentration was increased

to 0.76 mM (mixture B). On the other hand, the presence of

C12TMA in mixtures A and B did not have a significant effect on

the adsorption of C16BDMA, regardless of the initial C12TMA

concentration. In mixture C, when the adsorption of two QACs,

both with a relatively high adsorption affinity is compared at

the same initial molar concentration (0.38 mM), the adsorption

of C16TMA, which has a higher adsorption affinity than

C16BDMA, was not affected in the binary mixture C, but

resulted in significantly lower C16BDMA adsorption. Therefore,
0.1 1 10 100
C (mM)

R2 = 0.997

R2 = 0.986

00

C

D

C16BDMA
C16TMA
C12BDMA
C12TMA

logKF = 0.6-0.9logCMC

logKF = 0.5-0.7logCMC

tical micelle concentration (CMC) of four QACs in dilute

), and thermophilic digested (D) sludge (Error bars represent

e 95% confidence intervals of the regression lines).



A

So
lid

-p
ha

se
 fr

ac
tio

n

0.0

0.4

0.8

1.2

Time (days)
0 2 4 6 8 1 0

0.0

0.4

0.8

1.2
C

B

0.0

0.4

0.8

1.2

C16BDMA

C12TMA

C16BDMA

C12TMA

C16BDMA

C12TMA

Fig. 7 – Successive desorption of C12TMA and C16BDMA

from a dilute (0.1% VS) municipal primary sludge at pH 7

after 1 day (A), 3 days (B), and 10 days (C) adsorption

equilibration (Error bars represent one standard deviation

of the means).

Table 4 – Adsorption of binary QAC mixtures to dilute (0.1% VS) primary sludge.

QAC Mixturea QAC Solid phase QAC (mg QAC/g VS)b Adsorption difference (%)c

Single Binary

A C12TMA 17.5� 0.4d 11.0� 1.3 �37.0

C16BDMA 73.5� 0.3 73.8� 0.1 0.4

B C12TMA 13.0� 0.3 6.2� 5.3 �52.5

C16BDMA 285.1� 0.2 297.3� 0.1 4.3

C C16TMA 117.7� 0.8 116.7� 5.5 �0.8

C16BDMA 132.7� 0.5 117.7� 0.1 �11.3

a QAC mixtures (initial concentration): A, 200 mg/L C12TMA and 75 mg/L C16BDMA; B, 50 mg/L C12TMA and 300 mg/L C16BDMA; C, 120 mg/L

C16TMA and 150 mg/L C16BDMA.

b At 24 h adsorption equilibration period.

c Adsorption difference in the binary mixture relative to that in the single QAC solution (negative values denote a decrease in adsorption).

d Mean � standard deviation (triplicate measurements).
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even at low relative concentrations, QACs with high adsorp-

tion affinity for sludge result in a lower adsorption of QACs

with relatively lower adsorption affinity. As a result, QAC

mixtures will lead to different QAC mobility as compared to

single QACs, which in turn will affect the overall fate and effect

of QAC mixtures in environmental media.

3.4. QAC desorption

Over the course of the successive desorption steps after 1, 3,

and 10 days adsorption equilibration, the total and liquid

phase QAC concentrations were measured and the solid phase

QAC levels calculated by difference. Each successive desorp-

tion assay lasted 10 days. The fraction of solid phase QAC

mass remaining over time for the two tested QACs (C12TMA

and C16BDMA) is shown in Fig. 7. Each data point is the mean

of triplicate sludge samples measured at each desorption

time. The desorption pattern of C12TMA was biphasic: signif-

icant desorption within 1 day and then very slow desorption.

In contrast, C16BDMA exhibited poor desorption from primary

sludge. Even after 10 days and five successive desorption

steps, about 95% of the C16BDMA was still associated with the

sludge solids. The adsorption equilibration time (1, 3, or 10

days) did not have a significant effect on the desorption rate

and extent of each QAC. After 10 days desorption equilibra-

tion, the solid phase fraction of C12TMA was 67� 5, 68� 3, and

64� 7%, at 1, 3, and 10 days adsorption equilibration, respec-

tively, whereas, the C16BDMA solid phase fraction was

95� 0.5, 96� 0.7, and 95� 0.1%, respectively (mean� standard

deviation; n¼ 3). Miyauchi et al. (2008) and Miyauchi and Mori

(2009) studied the desorption (leaching rate) of C12BDMA,

C14BDMA and C16BDMA from the benzalkonium chloride

(3.75 mM) and ammoniacal copper quat type-1 (ACQ-1) treated

wood specimens at pH 8 in DI and sea water. According to

their results, about 3–10% of C12BDMA and 0.5–1.0% of

C16BDMA was desorbed from the specimens in DI water. The

fraction of desorbed BAC homologues was 10 times higher in

sea water than in DI water indicating that a higher ionic

strength facilitates the desorption of QACs. Our observations,

therefore, are consistent with the findings of Miyauchi et al.

(2008) and Miyauchi and Mori (2009) and both indicate that the

higher the hydrophobicity of a QAC, the lower its desorption

rate and extent.
3.5. Effect of pH on QAC desorption

The pH of the aqueous solution is an important controlling

parameter in sorption processes as it significantly affects the

mobility of ions (Khan and Zareen, 2006; Cao et al., 2008). In



Table 5 – Effect of pH on the desorption of two selected
QACs.a

QAC pH Solid phase QAC fraction
(%) at desorption stepb

1 2 5

C12TMA 4 75� 1.2c 73� 6 68� 10.5

7 71� 5.5 69� 2 67� 5

10 64� 6 61� 6.9 60� 11

C16BDMA 4 99� 0.6 99� 0.5 97� 0.6

7 97� 0.5 95� 0.7 95� 0.1

10 64� 1.4 56� 12.9 49� 9.7

a After 10-day adsorption equilibration in dilute (0.1% VS) primary

sludge.

b Successive desorption steps 1, 2, and 5, corresponding to 1, 2, and

10 days desorption time, respectively.

c Mean� standard deviation (triplicate measurements).
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the present study, the effect of pH on the desorption of two

QACs after 10 days adsorption equilibration is illustrated in

Table 5. No significant pH effect on the desorption of C12TMA

was observed in a pH range from 4 to 10 at the fifth desorption

step (equivalent to 10 days desorption equilibration). The

fraction of the desorbed C12TMA was 32� 10, 36� 7, and

40� 11% at pH 4, 7, and 10, respectively. At the first desorption

step (i.e., 1 day desorption equilibration), almost 91, 86, and

90% of the total desorbed C12TMA was released at pH 4, 7, and

10, respectively. On the other hand, desorption of C16BDMA at

pH 10 led to an increased extent of desorption as compared to

that at pH 4 and 7. The fraction of desorbed C16BDMA was

approximately 3, 5, and 50% at pH 4, 7, and 10, respectively.

Although the desorption assay for both C12TMA and C16BDMA

was carried out at a similar pH range, the difference in the

degree of desorption at pH 10 between the two QACs tested is

attributed to the difference of the QAC mass sorbed to the

sludge at 10 days adsorption equilibration (48 vs. 280 mg QAC/

g VS for C12TMA and C16BDMA, respectively). Overall, the

solution pH had a significant influence of the desorption

extent of C16BDMA which has a high adsorption affinity to

sludge.
4. Conclusions

At the concentration range investigated in the present study,

the four QACs exhibited a biphasic initial fast and then slow

adsorption pattern. The extent of adsorption on the sludge

resulted in the following series of decreased affinity:

C16TMA>C16BDMA>C12BDMA>C12TMA. The affinity

depends mainly on the QAC structure rather than the sludge

type and composition. QACs with a longer alkyl chain adsorb

more than QACs with a shorter alkyl chain. The benzyl group

further enhances the adsorption of QACs, but this effect

diminishes as the alkyl chain length increases. The mecha-

nism of QAC sorption on biosolids is complex and both

hydrophobic and ionic interactions are probably in effect. As

the CMC represents both hydrophobic and ionic properties of

QACs, it is thus an effective descriptor of partitioning of QACs

on biosolids. Binary mixtures of QACs demonstrated that
QACs with relatively high adsorption affinity significantly

decrease the extent of adsorption of QACs with relatively

lower adsorption affinity, even at relatively low concentra-

tions of the former. In binary QAC mixtures at comparable

concentrations of hexadecyl trimethyl and alkyl benzyl

dimethyl QACs, the adsorption of the former QAC was

affected by the presence of the latter, but the adsorption of the

latter was significantly decreased. Sludge-sorbed QACs des-

orbed to various degrees and the extent of desorption was

inversely proportional to the extent of adsorption. The

desorption of C12TMA was less affected by solution pH, but for

C16BDMA, the extent of desorption was influenced by pH and

was highest at pH 10. The results of the present study have

significant environmental implications in terms of the fate

and transport of QACs in wastewater treatment plants as well

as in biosolids applications sites.
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Comité Européen des Agents de Surface et de leurs
Intermédiaires Organiques (CESIO), 2004. 6th World
Surfactants Congress, Berlin, Germany.

Delle Site, A., 2001. Factors affecting sorption of organic
compounds in natural sorbent/water systems and sorption
coefficients for selected pollutants. A review. Journal of
Physical Chemical Reference Data 30, 187–439.

Dominguez, A., Fernandez, A., Gonzalez, N., Iglesias, E.,
Montenegro, L., 1997. Determination of critical micelle
concentration of some surfactants by three techniques.
Journal of Chemical Education 74, 1227–1231.

Garcia, M.T., Campos, E., Sanchez-Leal, J., Ribosa, I., 1999. Effect of
the alkyl chain length on the anaerobic biodegradability and
toxicity of quaternary ammonium based surfactants.
Chemosphere 38, 3473–3483.

Garcia, M.T., Campos, E., Sánchez-leal, J., Comelles, F., 2004.
Structure–activity relationships for sorption of alkyl trimethyl
ammonium compounds on activated sludge. Tenside
Surfactants Detergents 41, 235–239.

Garcia, M.T., Campos, E., Sánchez-leal, J., Comelles, F., 2006.
Sorption of alkyl benzyl dimethyl ammonium compounds by
activated sludge. Journal of Dispersion Science and
Technology 27, 739–744.



w a t e r r e s e a r c h 4 4 ( 2 0 1 0 ) 2 3 0 3 – 2 3 1 3 2313
Gaze, W.H., Abdouslam, N., Hawkey, P.M., Wellington, E.M.H.,
2005. Incidence of class 1 integrons in a quaternary
ammonium compound-polluted environment. Antimicrobial
Agents and Chemotherapy 49, 1802–1807.

HMSO, 1980. Methods for the Examination of Waters and
Associated Materials. SCA, Her Majesty’s Stationery Office,
London, UK.

Kabouris, J.C., Tezel, U., Pavlostathis, S.G., Engelmann, M.,
Dulaney, J.A., Todd, A.C., Gillette, R.A., 2009. Mesophilic and
thermophilic anaerobic digestion of municipal sludge and fat,
oil, and grease. Water Environment Research 81, 476–485.

Khan, M.N., Zareen, U., 2006. Sand sorption process for the
removal of sodium dodecyl sulfate (anionic surfactant) from
water. Journal of Hazardous Materials B133, 269–275.

Koopal, L.K., 1997. Modeling association and adsorption of
surfactants. In: Esumi, K., Ueno, M. (Eds.), Structure–
Performance Relationships in Surfactants. Marcel Dekker, Inc.,
New York, USA.

Kunieda, H., Shinoda, K., 1978. Solution behavior of
dialkylmethylammonium chloride in water. Basic properties
of antistatic fabric softeners. Journal of Physical Chemistry 82,
1710–1714.

Ingram, B.T., Ottewill, R.H., 1990. Adsorption of cationic
surfactants. In: Rubingh, D.N., Holland, P.M. (Eds.), Cationic
Surfactants: Physical Chemistry. Marcel Dekker, Inc., New
York, USA.

Li, Z.H., Gallus, L., 2007. Adsorption of dodecyl
trimethylammonium and hexadecyl trimethylammonium
onto kaolinite – competitive adsorption and chain length
effect. Applied Clay Science 35, 250–257.

Martinez-Carballo, E., Sitka, A., Gonzalez-Barreiro, C.,
Kreuzinger, N., Furhacker, M., Scharf, S., Gans, O., 2007a.
Determination of selected quaternary ammonium compounds
by liquid chromatography with mass spectrometry. Part I.
Application to surface, waste and indirect discharge water
samples in Austria. Environmental Pollution 145, 489–496.

Martinez-Carballo, E., Gonzalez-Barreiro, C., Sitka, A.,
Kreuzinger, N., Scharf, S., Gans, O., 2007b. Determination of
selected quaternary ammonium compounds by liquid
chromatography with mass spectrometry. Part II. Application
to sediment and sludge samples in Austria. Environmental
Pollution 145, 543–547.

Miyauchi, T., Mori, M., Imamura, Y., 2008. Leaching
characteristics of homologues of benzalkonium chloride from
wood treated with ammoniacal copper quaternary wood
preservative. Wood Science 54, 225–232.

Miyauchi, T., Mori, M., 2009. Effects of alkyl chain length and the
mixing of homologues with different alkyl chains on the
leaching characteristics of benzalkonium chloride. Wood
Science and Technology 43, 225–235.

Patrauchan, M.A., Oriel, P.J., 2003. Degradation of
benzyldimethylalkylammonium chloride by Aeromonas
hydrophila sp. K. Journal of Applied Microbiology 94, 266–272.

Purakayastha, P.D., Pal, A., Bandyopadhyay, M., 2005. Sorption
kinetics of anionic surfactant on to waste tire rubber granules.
Separation and Purification Technology 46, 129–135.

Rosen, M.J., 2004. Surfactants and Interfacial Phenomena, third
ed. Wily-Interscience, New York.

Schwarzenbach, R.P., Gschwend, P.M., Imboden, D.M., 2003.
Environmental Organic Chemistry. John Wiley & Sons, Inc.,
Hoboken, NJ.

Steichen, D.S., 2001. Cationic surfactants. In: Holmberg, K. (Ed.),
Handbook of Applied Surface and Colloid Chemistry. John
Wiley & Sons, Ltd, West Sussex, England.

Syracuse Research Corporation, 2003. Physical Properties
Database. Environmental Science Center, Syracuse, NY. http://
www.syrres.com/esc/physprop.htm.

Tehrani-Bagha, A.R., Bahrami, H., Movassagh, B., Arami, M.,
Amirshahi, S.H., Menger, F.M., 2007. Dynamic adsorption of
Gemini and conventional cationic surfactants onto
polyacrylonitrile. Colloids and Surfaces A: Physicochemical
Engineering Aspects 307, 121–127.

Tezel, U., Pierson, J.A., Pavlostathis, S.G., 2006. Fate and effect of
quaternary ammonium compounds on a mixed methanogenic
culture. Water Research 40, 3660–3668.

Tezel, U., Pierson, J.A., Pavlostathis, S.G., 2007. Effect of
polyelectrolytes and quaternary ammonium compounds on
the anaerobic biological treatment of poultry processing
wastewater. Water Research 41, 1334–1342.

Tezel, U., Pavlostathis, S.G., 2009. Transformation of
benzalkonium chloride under nitrate reducing conditions.
Environmental Science and Technology 43, 1342–1348.

Urano, K., Saito, M., 1984. Adsorption of surfactants on
microbiologies. Chemosphere 13, 285–292.

U.S. Environmental Protection Agency (USEPA), 1999. Biosolids
Generation, Use and Disposal in the United States. Rep.
EPA530-R99-099. USEPA Office of Solid Waste, Washington,
DC.

Wang, L.P., Govind, R., Dobbs, R.A., 1993. Sorption of toxic organic
compounds on wastewater solids – mechanism and modeling.
Environmental Science and Technology 27, 152–158.

Xia, K., Bhandari, A., Das, K., Pillar, G., 2005. Occurrence and fate
of pharmaceuticals and personal care products (PPCPs) in
biosolids. Journal of Environmental Quality 34, 91–104.

Ying, G.G., 2004. Handbook of Detergents Part B: Environmental
Impact. Marcel Dekker, Inc., New York, USA.

http://www.syrres.com/esc/physprop.htm
http://www.syrres.com/esc/physprop.htm

	Sorption of quaternary ammonium compounds to municipal sludge
	Introduction
	Materials and methods
	Quaternary ammonium compounds (QACs)
	Municipal sludges
	Adsorption kinetic assay
	Adsorption isotherm assay
	Desorption assays
	Analytical methods

	Results and discussion
	Adsorption kinetics
	Adsorption equilibrium of single QACs
	Adsorption of binary QAC mixtures
	QAC desorption
	Effect of pH on QAC desorption

	Conclusions
	References


