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Introduction

Sorption!?

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

another

Adsorption

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

Absorption vs Adsorption

Particle
Channels Adsorption

F‘azcle

Absorption

Assimilation of
molecular species
throughout the bulk
of the solid or liquid



Introduction

Poassium
Coarse Perrnanganate
SCIBENS Recycled Restricted _l—l-l
Clwa“gfc agricultural and ey
L landscape reuse 4___' —
Reaturm Teti ‘ l l
activated ary | .
siudge  Compressed treatment i Caagulai
air
Indirect potable = f
{drinking) reuss | - 3
Diginfection | Sedimantation [l_
wilh chlofing Flitration |
andfor ultra Recycled Industrial and ‘ L] - | (]
vindat (LY} light water domestic reuse i H
Class A {non drinking) ll‘ I | Sadimerm Dawarering Press
Agricultural
reusa !

Solids Trucked

. L -
o Chloring Excass Water ;e-cycled -
Leachfield/Drainfield —y

—
I = ‘ Onhophosphate

|}
W | Flusride

——

Cloar Wall

FYY e

Septic Tank Effluent Aurptinn
& Purification

CEE 697z - Lecture #24




|n1-v~r\r|| I~AfIiAN

Sewerage.
system

Coarse
screens E-“md Recycled e
Iquor B3l .
quunP Ak c|wmeéfc-> agricultural and Potassium g o
e landscape reuse Permanganate _ .
13
Sereening
and grit - ~ . S
for disposal —_!i— . % —
' - o T
:E:Ir:::gﬁcr:ﬂ: | Coagulant "’f;g':. e o

Disinfection | e

with chiorine Flltration 3 | —
=% Wastewater and/or ultra Recycled Industrial and ' . . |

sludge for viclet {UV) light waler domestic reuse Sedimantation l_
processing Class A (non drinking) = 1 | -
Agpcditural I Sadimarn Dawarering Press
reuse -
; Chlarine "
- — -\—'II 1 i ——
Wa?ar =

Solids Trucked

[|E: | T Farma
wvonrees PR
Bxcass Warer Recyelad ® s

| Chlorine

—
I = | Onhophosphate E

[ ] ‘
W | Fluoride

—

Cloar Wall

I ' T}

Septic Tank - Efﬁuenthhsurptinn
& Purification

CEE 697z - Lecture #24




Factors affecting Sorption

1) Sorbent properties ‘

2) Sorbate properties sojij:; o\)\/nf
l Fropranolol

CH; Caffeine

3) Solution properties




Factors affecting Sorption

|) Sorbents properties ‘

2) Sorbate properties SOE\J:I:; O\)\/HW/
l Fropranolol

CH; Caffeine

3) Solution properties




Sorbents

|. Types of sorbent
|) Biosolids (Sludge)

- Primary sludge

- Secondary sludge

2) Soils
- Sand
- Silt

- Clay

3) Coagulants

- Al, Fe, or Mn complex
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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 & Chemical treatment processes
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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 & Chemical treatment processes



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 & Chemical treatment processes
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Possible interactions

Table 1. Characteristic interactions associated with categories of adsorption
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Sorption coefficient (K,)

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

K =C IC Coorbed - concentration of solbate in sorbent (ug/kg)
d = “sorbed “dissolved Clicconed : concentration of solbate in solution (ug/L)
q — klinc q =Mass adsorbed / Mass of adsorbent
Other isotherms
Freundlich
n +
: k ‘C /
q / T
5 Langmuir
2
Langmuir .% Freundlich Linear
é: .
B K, c |
q= Qmax

1+ K, c

L) L) L] L] L)
Dissolved concentration of adsorbate, ¢



Standard methods for K and K. determination

|) Column displacement studies

2) Batch sorption expreriments

m om om s

.'.
I 5 10 50 Wastewater
+
il il il PPCPs
5 R I I z4hr
Wastewater >
I 5 10 50 +
FFPCPs
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



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

silt loam soi1l

Freundlich equation

Linear equation

Sorbent Ky 1/n - K r Log K.
Sand 0.24 (.68 .96 0.12 (.94 2.08
Sandy loam 1.31 (0.83 1.00 1.06 1.00 1.91
Silt loam 12.38 1.37 0.97 0.2 .99 2.57

Yu Fang (2011)
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Table 1 A summary table of PPCP sorption on soils or sediments

Solute chemical names pKk, S logK MW Sorbent pH TOC Ky (mL/g) Reference
(mg/L) description (%)
Bisphenol A 9.59-10.2 120— 3.4 2283 Sediment 7.15-7.71 2.06-6.29 3.7-11.5* Zeng et al. 2006
(BPA) 300 Soil 89 1.9 2.75% Ying et al. 2003
Soil 6.9-8.13 092-2.11 4.94—-8.62* Fent et al. 2003
Minerals 4-10 12.3-212.8* Shareef et al. 2006
Zeolite 112 Lsaigtal 20064
17 p-Estradiol N/A 36 31 to 400 2723 Soil 72-7.6 0.8-1.4 16.0-29.6% Stumpe and
(E2) Marschner 2007
Soil 3392 B0.2—455.5* (Casey et al. 2003
Soil 79 2 84.41 Casey et al. 2005
Soil 3.6-832 Lee et al. 2003
Minerals 4.9-177.2 Van Emmerik et al. 2003
Minerals (1] 11340 Casey et al. 2003
17 oc- Ethinyl 10.4 1144 4.15 296.4 Sludge 7.1 277 584 Andersen et al. 20035
Estradiol (EE2) Soal 0.95-1.88 53.797.7* Yu and Huang 2005
Soil 89 1.9 6.98" Ying et al. 2003
Soil 6.4-73 022-2.91 2.33-234 Lee et al. 2003
Minerals 4-10 41.4-T744.9*  Shareel et al. 2006
Carbadox (CBX) N/A N/A —1.40 to 262 Soil 4.4-73 022-2.39 1.4-154 Strock et al. 2005
0.15 Kaolinite 4.63 19.8 Strock et al. 2005
Desoxycarbadox N/A N/A 1.9 to 2.1 230 Soil 4.3-6.9 0.36-2.39 7.07-62.4* Strock et al. 2005
(DCBX) Clay 4.67 1] 7.6 Strock et al. 2005
Tetracycline (TC) 3.3; 7.7; 231-— 197 to— 4444 Soil 3875 0.48-2.91 3102— Sassman and Lee 2005
9.7 52000 0.47 312447
HS 1.0-57E4 Pils and Laird 2007
Al or Fe oxide 53 41.8-133* Gu and Karthikeyan
2005a
MMLT 5.5 865* Figueroa et al. 2004
Clay 7 2.2-6.5E4 Pils and Laird 2007
Oxytetracyc line 3.27; 7.32; 300 —-197 to— 460 Soil 38-75 0.48-2.91 1229— Sassman and Lee 2005
(OTC) 9.11 0.45 269097
9307200 ter Laak et al. 2006a
MMLT 1.5-11 2691— Kulshrestha et al. 2004
33884%
Sulfathiazole (STZ) 24,71 590 1 2553 MMLT 4-7.5 0.5-1.5 Kahle and Stamm 2007
Ferrihydrite 53-72 3-20 Kahle and Stamm 2007
Soil 0.4-35 ter Laak et al. 2006a
Sulfapyridine (SPY) 8.4 270 035 2493 Whole soil 7 1.61 1.75% Thiele-Bruhn et al. 2004
Mineral 4 Gu and Karthikeyan
20050
Sulfamethazine 2.3; 7.4 1500 0.8 27833  Soil 72-75 0.94-1.8 2.4-42* Accinelli et al. 2007
(SML) Mineral 7.8-142% Gao and Pedersen 20035
p-Aminobenzonic acid 4.9 6100 0.83 137.1 Soil 7 1.61 0.47 Thiele-Bruhn et al. 2004
(pABA) Coarse silt 6.4 0.1 1.82% Thiele-Bruhn et al. 2004

5. solubility in water, M molecular weight, N/4 not available, MMLT monh'norilloniGEE 697z - Lecture #24
2 K, was calculated at 10 pe/L if the data was provided as fitting results using the Freundlich or Lansmuir model.

Bo Pan (2009)
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FIGURE 3. Plot of the log Kspom data against hydrophobicity
expressed as log Kow. The solid line is a regression line obtained

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

TABLE 3. Data on Sorption of UPs to DOM?

compound corollary information Ka(L/kg) Koc (Lkg) ref
tetracycline AHA, pH adjusted to 4.55, ED 2 060 6 059 24
pH adjusted to 6.14, ED 1430 4 206 24

oxolinic acid AHA, pH range from 3 to 8, SPME 935—8 350 7400—-31 600 25
flumequine AHA, pH range from 3 to 8, SPME 2 516—10 750 2 750—24 500 25
sarafloxacine AHA, pH range from 3 to 8, SPME 18 700—-52 700 55 000—155 000 25
enrofloxacin HAS, pH 9.2, EMP 110 26
ciprofloxacin HAS, pH 9.2, EMP 250 26
norfloxacin HAS, pH 9.2, EM® 500 26
danofloxacin HAS, pH 9.2, EM® 630 26
ofloxacin HAS, pH 9.2, EM® 100 26
enro-COz HAS, pH 9.2, EM® 250 26

7 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. K3 and 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)

oC

SO’ Kd K,. : organic carbon partition coefficient (L/kg)

K4 : linear sorption coefficient (L/kg)

KOC
f f_.: fraction of organic carbon (%)

OC



Hydrophobicity (Cont.)

- Franco(2008) and Karickhoff (1979) reported the K__ is correlated to
the K, (Octanol-water distribution coefficient)
" Log K,,, = positive : Hydrophobic
" Log K,,, = negative : Non-hydrophobic

- Sablijic (1995) found that the K__ for non-hydrophobic and ionisible
compounds is pH-dependent

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



Table 5. List of all derived (5AR models for soil sorption with their chemical domoins.

Predominantly hydrophohbhics
!_ELKE = 1.02 =+ 0.52%log
<4 ELKB: = 0590 + 063 %log Ko b-!lmlﬂtl.l. & ll-l'l!lll!l
Acetanilides, carbamates, esters,
5 log Ko = 1.0% + 047 log Ko phenylureas, phosphates. triazines.
trinzoles, & uracils
S log Ko = 0.50 + 0.47%log K. Alcohols & organic acids
7 log Koo = 1.12 + 0.40%log K, Acetanilides
= og Koo = 0.50 + 0.39%%log K. Alceohols
=] Iﬂ-ﬂ_ 5h= 1.25 4 L33 %hoyg B Amides
10 log K. =085+ 0L.62%log K. Amnilines
11 log Koo = 1.14 4+ 0.365%log Kgw Carbamates
12 log Ko = 1.92 + O.38%log K. Dimitroanilines
13 log Koo = 1.05 + 0.4%%log Ko, Esters
1 log K. =055+ 0.7 ™log Ko Mitrobenzenes
15 log B = 032 + 0.60%og Kow Organic acids
165 log Koo = 1.08 + 0.5T*log K. Phenols & benzonitriles
17 log Koo = 1.05 + 0.45%log Kow Phenylureas
15 I_U-LI{'._GF = 1.17 + E.*I-‘S‘"II.J-E Ko Fhosphaies
19 ]-DE; Koo = 1.50 + 0.30%og Hﬂ_ Triazines
0 ]l}_E:_E:": = 1.405 + 04T log B W Triazoles

Aleksandar Sabljic (1995)




Sorption of pH-dependent non-hydrophobic PPCPs

Table 1
Chemical properties, structures and speciation of the sorbates.

Compound ( Detectdon. wavelength A1) Strucoure pK.* (character®) log Kow® S|;:ea:'ies‘J at pH =

4 B 8
Atenolol (4 =227 nm) 9.2 + 0.4 (B) 0.1 +0.28 + + +, 0
Carbamazepine (i= 232 nm) 0.49 + 0.2% (B) 267 038 ] ] ]
Diazepam (i =232 nm) 3.4+0.1%(B) 296 +0.55 +, i) o
Naproxen (A=215 nm) 4.8 +0.3 (A) 3.0 +0.24 0,
Phenobarbital (A = 243 nm) 7.6+0.1 (A) 0.53 +0.26 o o
Primidone (4= 215 nm) 12.3 £ 0.4 (A) 0.4 +0.52 o o o
Trimethoprim (i =225 nm) 7.2+0.1% (B) 0.79 £0.38 + + +, 0

Schaffer (2012)
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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)

CEE 697z - Lecture #24



Sorption of pH-dependent non-hydrophobic PPCPs

Table 1
Chemical properties, structures and speciation of the sorbates.

Compound { Detectdon. wavelength A) Struchure 2 (character®) log Kow® Species? at pH =
4 G 8
\ Arenolol (A =227 nm) o] 9.2 +0.4% (B) 0.1 +0.28 + + +, 0
HzMN — >
Carbamazepine (i =232 nm) . 049+ 027 (B) 265 0 .38 o o 0]
7 !
N -
O"/J\“HHZ
Diazepam {i = 232 nm) 3.4+0.1%(B) 2.96 +0.55 +, 0 0 o
Naproxen (A=215 nm) 4.8 +0.3 (A) 3.0 +0.24 o,
OH
Q
™o
Phenobarbital (1 = 243 nm) j\ .6 +0.1 (A) 0.53 +0.26 o o
HN NH
o S
Primidone (i= 215 nm) H o 12.3 £ 04 (A) 0.4 +£0.52 o o o
HM
© !
—=
Trimethoprim (i =225 nm) NHz I 72+0.1%(B) 0.79 +0.38 + + +, 0
[ ©
I
H;N)\H o
o

Schaffer (2012)




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

Table 3
Sorption model variables and model fitting adjustments,
Linear Freundlich Langmuir

Compound  Character (charge) Ky STD K K, Come R? n R? HI
(BZ Base (N) 040 005 097 034 262 0.88 0.37 097 -
ACP Acid (N) (50 0.16 0.68 0.02 3293 0.98 0.87 097 -
AN Base (+) 193 401 11.00 0.08 189.01 0.99 0.76 0.99 - (66
(AL Base () INETH 6.10 20,00 0.09 2117 098 0.87 099 -030
NPX Acd () 1.36 1.27 338 0.07 68.68 0.97 0.70 099 446
iz Acid ) 45 161 6.20 0.03 218.78 1.00 0.79 099 1351

Kgexpressed inL kg " K expressed in g’ ~ " L" kg ": K. expressed in Lyg " Coay expressed in pg kg~ STD: Standard deviation. HI: Hysteresis Index.

N: Neutral (+): Positively charged (—): Negatively charged.
Martinez-Hernandez (2014)

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

® 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
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German WWTP consists of a biological treatment unit with two denitrifying tanks, a nitrifying tank an
d a secondary clarifier with the sludge recycle going to the inlet of the first denitrification tank

n
Kd In SIUdgeS Location TOCQ/TSS | CODVTSS P/TSS | Fe(my/Tss | M/TSS VSS/TSS
Fr‘imarj,,f After Grit 350 1463 3= 1%
Secondary | Mitrification tank 3% 11335 3% 4% 5B B0

Table 1.3: Sorption coetficients for sludge of municipal wastewater treatment, measured in
batch experiments and octanol-water partitioning coefficients (according to Ternes er al.
2004).

Primary sludge Secondary sludge log Kow
K;[L LM Kq[L kg ss”']

Acidic pharmaceuticals L IL. III.
Diclofenac 450+32 16.0£3.1 4.6
Ibuprofen - (< 20) 7.1£2.0 3.5
Clotibric acid -- (<30 ) 4.842.5 2.57
Neutral pharmaceuticals
Ifostamide 21.8+13.8 1.4+0.4 0.86
Cyclophosphamide 55.4+19.6 2.4+0.5 0.63
Carbamazepine -- (< 20) 1.2+0.5 2.45
Diazepam 43.9426.1 21.1+£7.6 2.82
Musk fragrances
Galaxolide (HHCB) 49190+2073 1807+534 5.9
Tonalide (AHTN) 5200+1905 2372+058 5.7
Iodinated contrast media
| Llopromide -- (<5) 11+1 -2.33
Estrogens
17a—Ethinylestradiol 27843 349+37 3.9

Thomas A.Ternes (2004)



Biological removal (g day ")

Level of removal

by biodegradation® .
Dayl Day3 Day9 Day l0 Standard
yl D3 D9 Duy Sandard Removal of PPCPs in
Diclofenac -23.1 4.1 —47.5 -24.1 17.8 Low WWT P
03" 1] 2.6 12.4 6.9 i
Tbupmff:n 45_] {]5 inA i 2 i TTioh
Ketoprofen 833 02
Fluoxetine 0.0" 0.0"
Clorazepate 0.0° 02
Hydroxyzine 23" 16"
Indapamide 09" 01 -
Enalapril 00" 03
Captopril 2.1 0.6
Atenolol 128 2.8 45% Theoretical  Level of
Clofibric acid 499 02 —  logKuw
Ampicillin 01° o0 ¢ i“gﬁ'ﬂi
Galaxolide 0.4 -37 -
Tonalide 02 03 7.3 4047 Medium
Cashmeran 08 ~38 “ 1.3 42 Medium
Celestolide 0.5 -03 0.5 3540 Low
Traseolide 02 -0.1 0.1 3032 Low
0.0 1.8 Low
0.4 2.1 Low
1.3 24 Medium
3.2 27 High
0.2 24 Low
O Biﬂl'ﬂgiﬂﬂl 0.1 17 Low
B Adsorption 00 02-14 " Low
0.3 2636 Low
O v 0.0 14 Low
S ; - e - 7.3 46-59 High
Tonalide 0.1 0.1 1.8 1.8 1.0 1.0 48-5.7 High
Cashmeran 1.2 1.8 209 189 12.9 14.0 48 High
R. Salgado (20| |) Celestolide 0.1 0.2 1.8 0.1 0.6 0.9 44 High
Traseolide 0.0 0.0 O0GEE 697k - Lecthize #24 0.2 6.3 High
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