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What is TOC?

Total Organic Carbon
Organic contaminants (NOM'’s,

insecticides/herbicides, agricultural chemicals)
— reach surface water via rainfall runoff

David Reckhow

Industrial organics due to spills
Domestic/Industrial wastewater effluent

Fractionation & Nomenclature

Total Carbon (TC)

|
Inorganic Carbon (IC)

!

| |
Purgeable Non-Purgeable

(Dissolved) (Particulate)
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|
Total Organic Carbon (TOC)
| )
| |
Purgeable Organic Non-purgeable Organic
Carbon (POC) Carbon (NPOC)
.
| |
Particulate Dissolved
(PtOC) (DOC)
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TOCvs. TC& IC

e TOC = Total Carbon (TC) — Inorganic Carbon (IC)

e TOC = all carbon atoms covalently bonded in organic molecules
e TCis a measure of all the carbon in the sample

e |C = carbonate, bicarbonate, and dissolved carbon dioxide

— ICis often analyzed in liquid samples by acidifying with an inorganic acid to pH
2 or lower, then sparging for a few minutes with a stream of gas

e POCs (or VOC) = the fraction of TOC removed from an aqueous solution
from gas stripping under specified cond.

¢ NPOC = the fraction of TOC not removed by gas stripping

e DOC =the fraction of TOC that passes through a 0.45 um-pore diameter
filter

e PtOC (or “suspended org. carbon) = the fraction of TOC retained by a 0.45
um-pore diameter filter
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Distinguishing TOC from TIC

¢ Direct NVTOC measurement

* Most common approach
— remove IC by acidification and PP

— Canresultin loss of OC due

purge to precipitation at low pH
* By difference: two chann « Used by old Beckman
— Measure TC (high temp) and IC analyzers
(low temp) — Separate channels
_ Subtract — Two separate measurements
* By difference: gas & quuid * Some analyzers have a
— Measure TC and PC (both high Purgealgle car_bon (PC) cycle
— Again requires 2 separate
temp) measurements
— Subtract

David Reckhow CEI 2 #8 6
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TOCs and Drinking Water

e Organic compounds may react with
disinfectants to produce potentially toxic and
carcinogenic compounds, or “disinfection by-
products”

e Drinking water TOCs range from less than 100
pg/L to more than 25,000 pg/L

» Wastewater — TOC > 100 mg/L
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Origins

e Humic substances (humic and fulvic acids)
— Organic detritus modified by microbial degradation
— lignin origin vs microbial
— resistant to further biodegradation
— “old” organics
* Non-humics & Structurally-defined groups
— may be relatively “new”
— includes many biochemicals and their immediate
degradation products [SY) .
— generally more biodegradable

— concentrations are highl\yﬂvariable with season
C 2 #8
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UV absorbance vs TOC: raw waters

Correlation
Between TOC
and UV
absorbance for
53 samples of
Grasse River
Water (from
Edzwald et al.,
1985)

David Reckhow
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Methods of TOC Analysis

e High-Temperature Combustion Method

e Persulfate-Ultraviolet or Heated-Persulfate
Oxidation Method

* Wet-Oxidation Method (equipment for this
method is no longer manufactured)

David Reckhow CEE 772 #8 11

e March 1963
* Required a Beckman L/B

¢ Need to wait for

Rapid Combustion Method for the Determination
of Organic Substances in Aqueous Solutions

TOC Analyzer

infrared analyzer

development of a turnkey
instrument (Beckman 915)

Figure 1. Schematic diagram of combustion apparatus
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Great Recovery

Table I.  Analyses of Standard Solutions

i TOC Carbon, p.p.m.

Found Std. Av. %
Compound Caled. Max. Min. Av. dev. (==)* recovery
Benzoic acid 68.8 69.0 67.4 68.2 0.66 99.1
Phenol 76.6 77.2 76.5 76.9 0.30 100.4
Sucrose 104.8 105.1 104.3 104.5 0.40 99.7
Glycine 100.7 101.2 99.5 100.3 0.69 99.6
Pyridine 105.6 104.4 103.6 104.2 0.40 98.7
Urea 100.0 100.9 99.1 99.8 0.86 99.8
Sodium cyanide 122.5 122.1 119.5 120.5 1.11 08.4
Acetanilide 75.4 76.0 75.0 75.4 0.48 100.0
p-Nitroaniline 106.2 105.8 104.9 105.4 0.52 99.2
4-Aminoantipyrine 111.5 110.6 108.9 110.2 0.8 98.8
Sulfanilie acid 89.3 90.5 88.6 89.3 0.90 100.0
Diphenylaminesulfonate,

Ba salt 87.8 87.6 86.8 87.4 0.40 99.5
dl-Methionine 103.0 102.7 101.8 102.5 0.45 99.5
2,4,6-Trichlorophenol 75.4 76.0 74.0 75.0 0.84 99.5
Sodium carbonate 99.5 100.0 99.2 99.4 0.40 99.9
Acetie aecid in 209, NaCl 100.0 101.0 99.0 100.0 0.82 100.0

Acetic acid in 209 CaCl, 100.0 100.0 98.1 99.1 0.78 90.1

2 Al results based on 4 determinations. Calibrations made with standard solutions

of acetic acid in water.

UMass TOC Instrumentation

* High Temperature Pyrolysis
— Beckman Corp., Model 915 (the first!)
— Shimadzu Model 4000 (308 Elab I1)
— Shimadzu Model 5000 (201 & 308 Elab Il)

* UV-Persulfate
— Dohrmann Model DC-80 (Marston 24)

¢ Wet Chemical Oxidation

— Ol Corp., Model 700 with persulfate digestion
(Environmental Institute)

David Reckhow
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High-Temperature Combustion Method

¢ Advantages:
— Oxidizes particulates and solids
— Rapid
— Relatively interference-free

¢ Disadvantages

— Low sensitivity (min. detectable conc. =1 mg C/L or less
depending on instrument)

— Highest maintenance (particularly in high temp. components)
— Prone to lose CO, in stream condensation phase

— Problem recovering certain aromatics

— Low salt tolerance

— Difficult to obtain reliable system blanks

— Can accumulate nonvolatile residues in the analyzer

David Reckhow CEE 772 #8

Pyrolysis TOC Unit

High temperature, in oxygen, with a cobalt catalyst

Syringe

Sample Inlet

CO, Detector

David Reckhow CEE 772 #8 16
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Persulfate-Ultraviolet or Heated-Persulfate
Oxidation Method

e Advantages:
— High sensitivity (< 1 mg C/L samples)

— Good recovery in most applications

— Good precision

— Low maintenance
— Nonvolatile residuals are drained from the analyzer

* Disadvantages:
— Potential interference with halide samples at CO,

detection phase in oxygen-rich atmosphere

David Reckhow

UV-Persulfate TOC Unit

Syringe
of® \_ Condensor
== Jo
g N_ UV Reactor
[0}
\_ Persulfate
Solution ) hy o _
8208 —>ZSO4 +e
h
H,0 —Y 5> H*+°0OH

SO;™ + H,0 — SO, + H*+°0OH
CEE 772 #8
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Non-Dispersive Infrared Analysis
(NDIR)

All EPA approved methods for organic carbon
analysis require NDIR method

Measures infrared light absorbed by carbon dioxide
as it passes through an absorption cell
CO, Property — Absorbance = 4.26 um (IR range)

TSI Monitor — [CO,] determined when the instrument
is calibrated using pure nitrogen (0 ppm CO,) and a
known concentration of CO, such as 1000 or 5000

ppm

NDIR (con’t)

“Nondispersive” — no monochromator and infrared
sources are broadband emitters

Detector cells are pressure-sensitive: affected only by
wavelengths absorbed by CO,

Interference caused by gases that have overlapping
infrared absorption bands — like water vapor

— Therefore, water vapor removed by condensation before
getting to the detector

10/12/2014
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Beer’s Law

e A=a*b*c

— A= Absorbance

a = absorptivity coefficient
b = path length
¢ = analyte (CO,) concentration
OR

o I=1,"
¢ | = intensity of light striking the IR detector
* |,=measured signal with 0 ppm CO,
¢ k=a system dependant constant

e P=[CO,]
David Reckhow CEE 772 #8 21
Sensing Demodulator
Chopper Cell Amplifier
Arnold Beckman
\
e ‘ Reference ‘

S T ] ~

In Out

eNon-dispersive Infrared Analyzer (seen above)
eElectrolytic Conductivity Detection (interference from other ionic species)
eCoulometric Titration

eReduction to CH,, then FID (flame ionization detection) — longer testing times

David Reckhow CEE 772 #8 22
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Instrument Specs.
Shimadzu 5000

* Analyte =TC, IC, TOC (TC-IC), NPOC

* Method — Combustion (680° C)/NDIR gas analysis
* Measuring Range =4 ppb to 4000 ppb

* Avg. Analysis Time = 2 — 3 min. for both TC and IC

* Shimadzu ASI-5000 — Automatic Sample Injector
— 78 vial or 16 vial turntables available
— Rinsing between samples minimizes sample “carry-over”

David Reckhow CEE 772 #8

Shimadzu 5000 TOC Analyzer (schematic)

David Reckhow CEE 772 #8 24
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Y

Sample

Cooling tube

High purity
water trap

NDIR

A 4

detector

PC data PC data
collecti collecti

T-piece

Particle Nafion
filter drier

Halogen

rubber PMT
CO, scrubber Reaction
chamber
Dehumidifier Ozone
NCD-288 generator
v
0, Vacuum

Waste pumg

¢ Schematic diagram showing the coupled Shimadzu TOC 5000A HTCO-Sievers NCD 255
nitrogen chemiluminescence detector, and associated hardware.

David Reckhow CEE 772 # 25
e Mitsubishi Unit
Oz
4
Chemiluminescence Cell Unit Control Unit
r
______ i
¢ Pyrolst Tuba |y S2mple Inke (iquid, solid)
o % Cooling Unit
Sonubber| i
i BRI
]
OZxe Cenaky i"@'— | Heater2  Heater1
| —
| || Btirser
| Veouum Pump TOX-100 Main Unit Automatic Boat Controller
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David Reckhow CEE 772 #8

2 NO+2 O3—2 NO2*+2 02

Chemiluminescent detection

NO,'—NO,+h

* Rapid decay of the NO,* produces light in the 590-
2,900 nanometer range. This light is detected and

amplified by a photomultiplier tube.

Table 3. Recovery of N from commonly cited N compounds dissolved
in ultrapure water using the coupled HTCO TOC-NCD method in our

laboratory (recovery in relation to potassium phthalate/glycine

standard), and literature results

Compound % Recovery Examples of % recovery cited in the literature
[1] 12] 17] 124] (]

Ammonium chlonde 96.2 100.2 100 97

Nitrate (K or Na ) 100.6 100.1 90 102

N-1-Naphthylene-dianune 925 96

EDTA s 101 100 102

Urea 91.19 101.1 101 100 101 94.3

Glycine 99 99.6 a0 99.5

Caffeine 79.5 90 102 97

Thiourea 99 90 94 96

Davic

1 Reckhow CEE 772 #8
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Total Organic Carbon PC-controlled Total Basic Wet PC-
Analyzer Organic Carbon Analyzer | model |oxidation |controlle
high- standard high- standard Total Total | d Total
sensitivity model sensitivity model Organic | Organic | Organic
model model Carbon | Carbon | Carbon
Analyzer | Analyzer | Analyzer
Model TOC-VCSH | TOC-VCSN | TOC-VCPH | TOC-VCPN | TOC-VE |TOC-VWS TOC-VWP
tM :\aef# ;zmen 680 degC combustion catalytic oxidation/NDIR method wet oxidation/NDIR
Operation standalon PC-
ey standalone PC-controlled standalone e -
TC,IC,TOC
Measured TC,IC,TOC,NPOC , NPOC
items (optional POC,TN) (optional TEEeENAeE
TN)
Applicable 5 o aqueous
samples aqueous sample (optional solid/gas samples) sample agueous sample
TC:0to
Measuremen TC:0 to TC:0to TC:0 to TC:0to .
trange 25000 25000 25000 25000 %)gotg ng ttg ;5083
(mg/L) 1C:0 to 30000 | IC:0 to 3000 |IC:0 to 30000 | IC:0 to 3000 20'000 :
RGN gl 50ug/L gl 50pgiL 0.5ug/L
David Reckhow CEE 772 #8 29
Total Organic Carbon P%—contlrol(lzedgotal Yzeﬁ. PC-
Analyzer rganlcl abon Basic model |°X19@ NIJ controlle
Analyzer Total Organic ) Tota_ d Total
high- standard high- standard Carbon organic | 5 ganic
sensitivity | model | sensitivity | model Analyzer | Carbon | caryon
model model Analyze | Apalyzer
r
Measurement CV2% max. CV1.5% max.
accuracy o (CV3% max. at | (CV2% max. at
(reproducibilit Vi mes 8000mg/L or |  1000mgiL or
y) higher) higher)
e TC: TC: TC: . .
approx.3min |approx.3min (approx.3min |approx.3min TC.app;ox.3mln TC:approx.4mins.
Measuring 5 S8 S. S. .
time IC: IC: IC: IC: i )
approx.3min [approx.4min (approx.3min [approx.4min IC.apprsox.Smln IC:approx.4mins.
s. s. s. s. .
SEpe automatic injection TIEWLEL automatic injection
injection ) injection )
1to 150uL
SEiplE 1010 10 01500 | 201 10101500l | (requires | 350 to 20400 uL
iicciog AL variable AL variable change of variable
volume variable variable syringe)
Automatic internal
:rceztr:;ent Automatic internal acidification and sparging Sp:urgelgas acidification and
PPy sparging
David Reckhow CEE 772 #8 30
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A PC-controlled Total Basic PC-
Total Organic "
Carbon Analyzer Organic Carbon model Wet oxidation controlled
Analyzer Total Total Organic Total
high- [standard | high- [standard | Or9anic |, o0 Analyser| Organic
sensitivity| model |sensitivity | model | Carbon Carbon
model model Analyzer Analyzer
Automatic e -
T dilution factor 2 to 50 none dilution factor 2 to 50
approx. | approx. | approx. | approx. | approx.
Gas 1440 2210 1440 2210 2210 approx. 3000L/month
L/month | L/month | L/month | L/month | L/month

consumption

(operating conditions: 8 hours/day x 5days/week)

Operating . MR i
keys built-in use PC built-in built-in use PC
Display built-in LCD use PC built-in LCD|  built-in LCD use PC
. (CENTRONICS, q q (CENTRONICS, q
Printer ESC/P) PC printer Optional ESCIP) PC printer
Ambient
temperature 5 to 35degC
range
AC100 ~ 127V + 10%,
AC100 ~ 127V + 10%, MAX800VA MAX350VA
[Romr ey AC220 ~ 240V £ 10%, MAX1200VA AC220 ~ 240V + 10%,
MAX350VA
Dimensions approx. (W)440 x (D)560 x (H)460mm (excluding protrusions)
Weight approx. 40 kg apprlfé(. & approx. 40kg
David Recl

e Sample 1 — Bridgeport Hydraulic Company (BHC)

Comparison of TOC levels

potable water

— Private water supply company in Connecticut

e Sample 2 — water taken from water fountain in
Marcus Building on the UMass campus

* Sample 3 — water taken from Campus Pond to
simulate raw water sample

David Reckhow
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TOC Analytical Accuracy and QA

2122 T. Fukushima e of.

Table 3. kstumuted tiay and precision of DOC measurements of nutural samples {mgl 1=')
Gray  Septic Paddy Plowed

water  tank STP field  field  Forest Remrks
Didlerential method DIC £1.67 925 3528 2494 248 475
BIC 372 02 2981 1187 213 3w
R-DOC (DT — DIC) 2795 443 S350 1307 034 0.76
DIC purging methed P-DOC 17.41 73% 596 1229 D16 0.4
Bias by unalytical error®  (D-DOCHEP-DOC) 055 054 —0n 0T 08 023
Bias* D-DOC mode (Bias 4 of Table h - 014 000 047 007 001 002 DIC x L0058
P-DOC maodle (Mias 2 of Table 17 D12 012 a4 01z 012 012 0.02mgli
Precinion® D-DOC mode;, DIC 013 002 D00 006 001 001 DIC x 0.0026
D-DOC mode; DIC 004 0.00 005 002 000 001 DICx 0087
D-DOC mode, DOC 014 0.02 oW 007 0M 001 (DTCH + DICY™
P-DOC manle; DOC 007 003 0.02 005 000 000 P-DOC x 0.003%

*Uncurcectable. tCorreerable.

¢ Fukushima et al - November 1996
e Used Shimadzu 5000

¢ Believed the differential method was more user friendly than the
purging method, but both gave good results

David Reckhow CEE 772 #8 33

TOC Analytical Accuracy and QA

Table 1

s Estimates of analytical precision and bias for the Shimadzu TOC-5000 and O.1. model 700 TOC
analyzers. )

DOC conc

Precision Bias®
[ C liter '; £ = SD (n = 5)] (ug C liter %) (& C liter ')
e S .l-‘h‘ _ - - Shimadzu Q.1 Shimadzu .l i _\tr-a-un:dlu (’) 1
Dcionized water 4ata 3844 a a4 E
\,\ hite Clay Creek 1,508 =8 1,553+29 8 29 - -
KHP standard 20435 2.029+7 5 7 1 9
(2,000 ug C liter )
EPA demand standard 2,095+ 12t 2,093+10 12 10 1 s
* B 0

Iculated by subtracting the carbon contri

. ionized water from each standard and comparing the resulting empirical o

centration

‘ “ stimate
000: | dilution

ta
tA1 of the demand standard should equal 2,050 ug C liter

Kaplan — January 1992

Compared Shimadzu 5000 to O.l.Model 700 (persulfate oxidation method)

Determined that Pt-catalyzed persulfate oxidation at 100° C with an O.1.
700 underestimates DOC concentrations in freshwaters by ~5% when
compared to the Shimadzu 5000, but considers that a “small source of
error”.

David Reckhow CEE 772 #8 34
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Comparison of methods

. From: UV/Persulfate Analysis

Tekmar Sample RSD | Percent RSD | Percent RSD | Percent
: . Type % Recovery ki1 Recovery ki1 Recovery |
appllcatlon Hydrogen Phthalate (KHP) 1.02% 103006 127% W% 073 101,08
document 1,4 Be’\zoqufnone 1.07% W% 1.17% 101% 0.78% 103.07%
E— Citric Acid 0.60% 103.08 053% 975% 1.41% 101.0%
*  TOC Analysis of Isonicotinic Acid 0.82% 103.086 1.14% 101% 230% W%
Difficult L-glutamate 0.52% 104.08% 087% 97 4% 226% 101.08%
Na Hexane -1- Sulfonate 0.85% B 0% 050% RE% 150% BA%
Compounds Tryptophan 0.80% 109.086 082 62% 19 92%
Lignosuffonic Acid 372% %0% 13:2% A% 2% %B2%
Tannic Acid 0.04% 264% 206% 73%
Combustion Analysis
Sample RSD Percent RSD Percent RSD Percent
Type % Recovery % Recovery % Recovery

Fotassium Hydrogen Phthalate (KHF) 236% 102,086 085% 101.08% 208% A%
1,4 Benzogquirone 456% 104.086 579% 8.1% 274% BI%
Citric Acid 2.05% 110.086 141% 101,08 091% /0%
Isonicotinic Acid 5.08% 106.C76 275% 6.3% 131% 975%
L-glutamate 4.55% 111.0°4 0.77% B58% 2.43% BE%
Na Hexane -1- Sulfonate 222% 108,076 0.384% S20% 1.40% 7%
David Reckhow Tryptophan 504%  9B0% 2% 2% 182% 5%
Ligrosuffonic Add 431% BEY 0.43% 20.1% 0.29% 26 5%

* To next lecture

David Reckhow

10/12/2014

18



