Sorption of PPCPs

Organic compounds in water and wastewater
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Introduction

Sorption?

Sorption is a physical and chemical process by
which one substance becomes attached to
another

Adsorption — Absorption

Channels adsorption

Accumulation of the
molecular species at
the surface rather
than in the bulk of
the solid or liquid

Assimilation of
molecular species
throughout the bulk
of the solid or liquid
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Factors affecting Sorption

1) Sorbent properties ‘
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2) Sorbate properties ¥ ? P ”T/
CH; Caffeine ropranolol

3) Solution properties
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Factors affecting Sorption
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3) Solution properties

Sorbents

|. Types of sorbent

I) Biosolids (Sludge)
- Primary sludge

- Secondary sludge

2) Soils : 5
- sand WD 90 70 G:HOESM:O 3 20 10
- Silt

- Al, Fe, or Mn complex

- Cla - o
y .sm
SANO
3) Coagulants &+ . A

2. Surface area of sorbents
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Factors affecting Sorption

1) Sorbent properties ‘

2) Sorbate propertlemsc,\ )ED oAk

CHz Caffeine Propranolol

3) Solution properties

Sorbate properties

Molecular Weight (MW)

- in general, as increase MWV, solubility decreases, adsorption
increases

- as increase MWV, diffusivity decreases, so rate of transport decreases
- at very high MW, may exclude some compounds from small pores

Polarity

- in general, if more polar, more hydrophilic, less absorption (stronger
interaction with polar H,O)

- as more non-polar, more hydrophobic, more absorption (i.e.
increase in aliphatic carbon chain length for carboxylic acids results
in increased absorption)

- number and type of substituent atoms or groups on organic carbon
structure affects extent of absorption

Dr.Tobiason; Physical & Chémical treatment processes
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Factors affecting Sorption

1) Sorbents properties ‘
HC, |

2) Sorbate properties I > O\)\’HY

CH; Caffeine Propranolol

3) Solution properties

Solution properties (cont.)

pH

- affects ionization of sorbate and surface of sorbent

- in general, as pH decreases, sorption increases

- uncharged sorbates adsorb more than charged (ionized) sorbates

lonic Strengh
- in general, more sorption as ionic strength increases
- better adsorption of DOC as increase Ca*?, Na*

Temperature

- extent of sorption increases as temperature decreases
- rate of sorption decreases as temperature decreases

Dr.Tobiason; Physical & Chémical treatment processes
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Solution properties

Competing sorbates

- sorbate with stronger affinity (binding) for surface can displace
sorbate with weaker affinity

- most real waters involve mixtures of sorbates
- changes in mixture can affect sorption

- for a heterogeneous sorbate measured by a composite parameter
such as TOC (or COD), extent of sorption can depend on initial
concentration used in batch experiment

Presence/absence of dissolved oxygen

- sorption capacity increased in presence of O,(aq)

Dr.Tobiason; Physical' & Chémical treatment processes

Possible interactions

Table 1. Ch

d with ics of adsorption

[N
" NV ‘ St
ommHo g:‘::: zr:;‘lic Interaction Representation of Interaction Interaction Range 0-5HO, 0 u< >
R—C - - A R-C - F Si
Noe-nlg” ! CHEMICAL LN
o @ " HO Short Range o-;Ho 900
Covalent 2 2 ‘\s./
) YN
H - bonding o Bond by hydrous oxides
(Fotyma, Mercik 1992) H g <IN Ho M (Fotyma, Mercik 1982)
0. Short Range
Hydrogen Bond H /\;H\ HZ u
AN
ELECTROSTATIC
o I ( )
Ion-lon w
ITon-Dipole —-—A—O‘ W2
PHYSICAL /
3
Dipole-Dipole ﬂ_’ L
o/ N
| s\ (Coulombic) Nt-b-bobotbot S
s °< /| L 6
R-¢ - 'Me“"|/3n\ (Keesom energy) e ORI
N )
Dipole-Induced Dipol
| AU (DZ:; =n:‘:'§y) P ‘ﬁ‘r"_ e Vars::\: wm-:;:.;]es
enson
Fonma ek 1952 Instantanecus Dipole-Induced Dipole e— @ e

(London dispersion encrgy)

“Adapted from Israelachvili, 1985.

W.).Weber et al. Sorption phenomenain subsurface system(1991)
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Outline

Sorption coefficient (K,)

- The ratio of the concentrations of a compound in the sorbent phase and in
the solution phase at equilibrium; Linear isotherm

C,ored : Concentration of solbate in sorbent (ug/kg)

Kd - Csorbedlcdi550|ved Caissoved : CONCentration of solbate in solution (pg/L)

q = klinc q =Mass adsorbed / Mass of adsorbent

Other isotherms

Freundlich

n
qg=k,.c
f Langmuir

Langmuir Freundlich Linear,

Adsorption density, ¢

K,c

q:qmaxm

Dissolved concentration of adsorbate, ¢
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Standard methods for K, and K. determination

I) Column displacement studies

2) Batch sorption expreriments
l Soils
I 10 E| Wastewater
b PPCPs
T 24hr
n " @ s
PPCPs
—

A

m Wastewater

—

Factors affecting determination of sorption
coefficient

|. Phases associated sorption

- Solid phase
- PPCPs in aqueous phase
- DOM (Dissolved organic Matter) in aqueous phase

2. PPCPs properties

- Hydrophobic PPCPs
- Non-hydrophobic ionisable PPCPs
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K4 in soils

Table 4. Sorption coefficients for gemfibrozil to sand, a sandy loam, and a

silt loam soil

Parcent Sand

Sorbent

Freundlich equation

Linear equation

Ky

1/n

=
»

H
Kg r

LOS KUL'

Sand
Sandy loam
Silt loam

0.24
1.31
12.38

0.68
0.83
1.37

0.96
1.00
0.97

0.12
1.06
92

0.94 2.08
1.00 1.91
0.99 257

Yu Fang (2011)

Table 1 A summary table of PPCP sorption on soils or sediments

Solute chemical names  pK, s, logKo., MW TOC K (mL/g)  Reference
(mg/L) description )
Bisphenol A 9.50-102 120 34 2283 Sediment 705771 206629 37115
(BPA) 300 Soil 89 19 2,75
Soil 69813 092-2.11  4.94-862°  Fent et al. 2003
Minerals a-10 2128 Shareef et al. 2006
Zeolite 12 Teai et al 20063
NA 36 3140 2723 Soil 72-76 08-1.4 16.0-296*  Stumpe and
Marschner 2007
Soil 3392 80.2-455.5"  Casey et al 2003
Soil 79 92 84.41 Casey et al 2005
Soil 36832 Lee et al. 2003
Minerals 4.9-1772  Van Emmerk et al 2003
Minerals o 11.3-40" Casey et al 2003
17a-Ethinyl 10.4 144 a1s 296.4 7.1 277 584 Andersen et al. 2005
Estradiol (EE2) 095-1.88  53.7-97.7°  Yu and Huang 2005
89 19 6,98 Ying et al. 2003
e 64-73 022-291 233234 Lee etal. 2003
Minerals a-10 41.4-744.9°
Carbadox (CBX) N/A NA 140 0 262 Soil 44-73 1.4-154 ck et al
015 Kaolinite 463 19.8 ck et al
Desoxycarbadox NA NA 19121 230 Soil 4369 036-239  7.07-624 ck et al. 2005
(DCBX) Clay 467 0 7.6 Strock et al. 2005
Tetracyeline (TC) 3.3;7.7; 231 197 o~ 4444 Soil 38-75 048291 3102 Sassman and Lee 2005
9.7 52000 0.47 312447
HS 7 10-57E4  Pils and Laird 2007
Alor Fe oxide 53 41.8-133"  Gu and Karthikeyan
2005a
55 865" eroa et al. 2004
7 2.2-6.5E4 d Laird 2007
Oxytetrcycline 3.27; 732 300 197 o~ 460 38-75 048-2.91 1229 ssman and Lee 2005
OTCy 911 0.45 269097
950-7200  ter Laak et al. 2006a
MMLT 15-11 2691 Kulshrestha et al. 2004
33884°
Sulfathiazole (STZ) 2.4, 7.1 590 1 2553 MMLT 475 0.5-1.5 Kahle and Stamm 2007
Femihydrite 53-72 3-20 Kahle and Samm 2007
Soil 0.4-3.5 ter Laak ct al. 2006a
Sulfapyridine (SPY) 8.4 270 035 2493 Whole soil 7 161 175 Thicle-Bruhn et al. 2004
Mineral 4
nethazine 2.3;7.4 1500 08 27833 7275 094-18 2442
(SMZ) ! 7.5-142*
p-Aminobenzonic acid 4.9 6100 053 1371 7 161 0.47 Thick-Bruhn et
(PABA) Coarse silt 64 01 1.82° Thiele-Bruhn et o

5., solubility in water, M molecular weight, N/4 not available,
e

as arlg

AL if i

as provided as Giting o

MMLT montmorillonife

ing ih

or Lanemuic model

Bo Pan (2009)
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s ® pHI o pHa

g W pHAS o pHS

Sorption between PPCPs N P
g 3 .

(VPs) and DOM s, TR

168 Kp, sop = 0.85 169 Koy - 0.11
]
15 05 05 15
log Kow
FIGURE 3. Plot of the log Kspom data against hydrophobicity
expressed as log Kow. The solid line is a regression line obtained

Johannes T0||S(200 |) for a wide range of neutral organic chemicals (32).

TABLE 3. Data on Sorption of UPs to DOM?

compound

tetracycline

oxolinic acid
flumequine
sarafloxacine
enrofloxacin
ciprofloxacin
norfloxacin
danofloxacin
ofloxacin
enro-CO;

corollary information Ka(Lkg) Koc (Ukg) ref
AHA, pH adjusted to 4.55, ED 2 060 6 059 24
pH adjusted to 6.14, ED 1430 4206 24
AHA, pH range from 3 to 8, SPME 935—8 350 7 400-31 600 25
AHA, pH range from 3 to 8, SPME 2 516—-10 750 2 750-24 500 25
AHA, pH range from 3 to 8, SPME 18 700-52 700 55 000—155 000 25
HAS, pH 9.2, EM? 110 26
HAS, pH 9.2, EM? 250 26
HAS, pH 9.2, EM? 500 26
HAS, pH 9.2, EM? 630 26
HAS, pH 9.2, EM? 100 26
HAS, pH 9.2, EM® 250 26

2 AHA and HAS stand for Aldrich humic acid and for humic acid from a soil, respectively. The experimental techniques employed were equilibrium
dialysis (ED), solid-phase microextraction (SPME), and electrophoretic mobility. Ksand K. are the sorption and organic carbon-normalized sorption
coefficients, respectively. © Organic carbon content of humic acid is not reported.

Hydrophobicity (Cont.)

- Karickhoff (1979) reported that K, of environmental chemicals are
strongly correlated to the organic carbon content (f, (%))

- During(2002), Bowman(2002), Holthaus(2002), Loffredo(2006),
Maskaoui(2007), and Uslu(2008) reported that both Freundlich
sorption parameter K¢ and Linear sorption parameter K, of PPCPs are
found to be positively related to organic carbon content

- Most of PPCPs are moderately hydrophobic compounds (Bo Pan;2009)

SO! Kd K, : organic carbon partition coefficient (L/kg)
= Ky : linear sorption coefficient (L/kg)
KOC — d
fOC f. : fraction of organic carbon (%)

11/5/2014
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Hydrophobicity (Cont.)

- Franco(2008) and Karickhoff (1979) reported the K__ is correlated to
the K, (Octanol-water distribution coefficient)

= Log K,,, = positive

= Log K,,, = negative

Hydrophobic

Non-hydrophobic

- Sablijic (1995) found that the K__ for non-hydrophobic and ionisible

com

pounds is pH-dependent

- And, Sablijic (1995) determined the correlation between the K__ and
the K, depending on physical and chemical properties of organic

com

pouns

Table 5. List of all derived QSAR models for scil sorption with their chemical domains.

Model # Regression Eguation Chemical Domain |
1 log Koo =0.70 + 0.52%1x Predominantly hydrophobics
- Jos K. =010+ 08l oe k| Predominantlv hvdeoohobics |
log Koo = 1.02 + 0.52%log Ko Nonhydrophobics 1
4 log Koo = 0.90 + 0.63%lug K .. M-mnTtrllel. & n:‘rnbe.mnci
Acetanilides, carbamates, esters,
s log Koo = 1.09 + 0.47%log Ko phenylureas. phosphates. triazines.
triazoles, & uracils
- log K. = 0.50 + 0.47*log Ko, Alcohols & organic acids |
7 log K. = 1.12 + 0.40%log K. Acetanilides
B8 log K . = 0.50 + 0.39%log K. Alcohols
° log K. = 1.25 + 0.33%log K,,., Amides
10 log K. = 0.85 + 0.62%log K Anilines
11 log Koe = 1.14 + 0.365%10g Kgw Carbamates
12 log Koo = 1.92 + 0.38%log Koy Dinitreanilines
13 log K. = 1.05 + 0.49%log K . Esters
14 log K. =0.55+0.77%log Ko Nitrobenzenes
15 log Koo = 0.32 + 0.60%log Kow Organic_acids |
16 log Koo = 1.08 + 0.57*log Ko Phenols & benzonitriles
17 log Koo = 1.05 + 0.49%log K Phenylureas
18 log Koe = 1.17 + 0.949%og Kow Phosphates
19 log Koo = 1.50 +0.30%log K, Triazines
20 log Koo = 1.405 + 0.47*log Koo Triazoles

Aleksandar Sabljic (1995)
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Sorption of pH-dependent non-hydrophobic PPCPs

Chemical properties, structures and speciation of the sorbates.

Compound (Detection. wavelength ) Structure pK.* (character) log Kow” Species® at pH =
4 6 8
Atenolol (4 =227 nm) 92£04° (B) 0.1 £0.28 * - + 0
Carbamazepine (i=232 nm) 049+ 02" (B) 267 +0.38 o o o
Diazepam (i = 232 nm) 3.4+01°(B) 2.96 £0.55 +0 o o
Naproxen (i=215nm) 48203 (A) 3.020.24 0.
Phenobarbital (4 = 243 nm) 7.620.1 (A) 0.53 £0.26 o o
Primidone (4= 215 nm) 123 204 (A) 0.4 052 o o (]
Trimethoprim (2 = 225 nm) 7.2201° (B) 0.79 +0.38 + + 0
Schaffer (2012)
pK,=9.89
—
——
0—H o-
o o o
& PK.1=2.89 pK.:=5.51
‘ O°H — o — o.
— ——
™ 0-H O-H o
‘ 1
o o o
I
H . N
; N . ~,
. pKa=2.14 ‘y " pK. =4 82 = ‘
P e TS -
H — & o — ™ o
\ O—H
o o

Fig. 1. Chemical structures and conjugated species of phenol, o-phthalic acid, and nicotinic acid used in this study. The pK, values indicated are those in pure water (}¥ pKa).

Fabrice Gritti (2009)
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Chemical properties, structures and speciation of the sorbates.

Sorption of pH-dependent non-hydrophobic PPCPs

Compound (Detection. wavelength 4) Structure PK.* (charactert) o Kow® Species” at pH =
4 [ 8
Atenolol (4 = 227 nm) o 9.240.4° (B) 0.1£0.28 - - -0
5
N
\_/
Carbamazepine (1= 232 am) 7;—)\/ DAGE 02" (B) T67 038 T @ o
C ~ b
o "HH,
Diazepam (i = 232 nm) \ o 34501 (B) 296 +0.55 +0 0 0
<
/Q\ﬁ
Naproxen (4= 215 nm) | 48203 (A) 3.0£0.24 0.
isony
C I
o
Phenobarbital (4 = 243 nm) i 7.6£0.1 (A) 0.53 £0.26 o o
"T NH
o g
Primidone (=215 nm) i o 123 204 (A) 042052 o o o
ma(\”;\
I
¢
Trimethoprim (% = 225 nm) NH, | 7.2£0.1% (B) 0.79 +0.38 - + +.0
- o
N ~—
X T X .
HyN N o~

Schaffer (2012)

Table 3

Sorption model variables and mode! fitting adjustments.

Sorption of pH-dependent non-hydrophobic PPCPs at pH = 8.23

Linear Freundlich Langmuir
Compound  Character (charge) Ky SID Ke K Gt R n R HI
CBZ Base (N) 040 055 097 034 562 0.88 037 097 -
ACP Acid (N) 050 0.16 068 0.02 3293 098 087 097 -
AN Base (+) 79 | 40 1100 0.08 189.01 099 076 099 -066
LAE Ras (4] 1] 6.10 2000 009 2117 098 087 099 -030
NPX Aad(-) 186 | 127 338 007 6868 097 070 099 446
7 Add (=) 425 161 620 0,03 21878 1.00 07 099 1381

Ky expressed inL kg ~"; K expressed in g’ ~ "L"

charged surface

kg " Ky expressed inLyig s Crux expressed in ug kg ", STD: Standard deviation. Hl: Hysteresis Index,
N: Neutral (+): Positively charged (—): Negatively charged.

Martinez-Hernandez (2014)

® Basic compounds : Highest K, by strong interactions with negatively-

® Acidic compounds : Moderate K, by ion exchange with cations on surface

or physical interaction among polar molecules

Neutral compounds : Lowest K, by negligible sorption affinity

11/5/2014
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Kq in sludges

Micropollutant
[ 4

Non-extractable/

sequestered Colloid
fraction ~ onot
= 4
. =
Free

fracti h
"-(-_—.?_ai% Sorbed-to-

orbedto- colloid
particle #  fraction
fraction

Barret (2011)

German WWTP consists of a biological treatment unit with two denitrifying tanks, a nitrifying tank an

d a2 secondary clarifier with the sludge recycle going to the inlet of the first denitrification tank
Kd in sl udge S Location TOU/TSS | COD/TSS | P/ISS | Fe(I/TSS | NATSS | VSSAISS

Primary Afer Grit 35% 146% 3% <1%

Secnndary Nirrification tank 34% 112% 3% 4% 58% 60%
Table 1.3: Sorption coefficients for sludge of municipal wastewater treatment, measured in
batch experiments and octanol-water partitioning coefficients (according to Temes er al.
2004).

Primary sludge Secondary sludge log Kow

K5 [L koss™] K [L kass']
Acidic pharmaceuticals L IL 1.
Diclofenac 459+32 16.0£3.1 4.6
Ibuprofen - (<20) 7.1£2.0 35
Clofibric acid --(<30) 4.842.5 2.57
Neutral pharmaceuticals
Ifosfamide 21.8+13.8 1.4+0.4 0.86
Cyclophosphamide 55.4x19.6 2.4x0.5 0.63
Carbamazepine - (=20) 1.2+0.5 245
Diazepam 43.94+26.1 21.1+7.6 2.82
Musk fragrances
Galaxolide (HHCB) 4919+2073 1807+534 59
Tonalide (AHTN) 5299+1905 2372+958 5.7
Iodinated contrast media
Topromide -- (<5) 11+1 -2.33
Estrogens
17a—Ethinylestradiol 278+3 349+37 3.9

Thomas A. Ternes (2004)
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Biological removal (g day ')

Lol remova
by biodegradation]
Standard

Dayl Day3 Day9 Dayl0 Average H
vl D3 Deyo Dayl0 Avnge Samd Removal of PPCPs in
Diclofenac 281 4l 475 241 24.7 178 Low WWT P
| Etofcnamaic 03 1 26 124 21 69 Mcdium
]hupmf:n 45.1 05 na n 114 ML Hiah
Ketoprofen 833 02 T
Fluoxetine 00° 00" 22% -
Clorazepate 00b 02
Hydroxyzine 23° 16°
Indapamide 09" 0.1" A
Enalapril 00" 03
CaEIam] 2.1 0.6 &
Atenolol 128 28 \ 45% Theoretical  Level of
Clofibric acid 99 02 logKow
Ampicillin 01> 00" ¢ Zi?i::i adsorpe
Galaxolide 04 3.7
Tonalide 02 03 73 40-47  Medium
Cashmeran 08 38 ¢ 13 42 Medium
Celestolide 05 03 0.5 3540 Low
Traseolide 02 0.1 01 3032 Low
0.0 1.8 Low
0.4 21 Low
13 24 Mediun
32 27 High
0.2 24 Low
@ Biological o1 17 Low
. Adsorpﬁon 0.0 02-14 Low
03 2636  Low
o uv 0.0 14 Low
I e - 3 46-59 High
Tonalide o1 ol 18 18 1.0 10 48-57  High
Cashmeran 1.2 1.8 299 189 12.9 14.0 48 High
R. Salgado (2011) Celestolide 0.1 02 L8 0.1 0.6 0.9 44 High
Trascolide 0.0 0.0 O0GEE 69k - LectO2e #24 0.2 63 High

11/5/2014
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