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The use of evaporation for freatment of landfill leachate may be effective at
removing contaminants in one principal unit operation. A semi-cortinious
evaporation treatrent process model, Reaction EQuilibrium Evaporation Model
(REOQEM), was developed for engineering assessment to. iy simulate different
baich flash vaporization processes, if) predict the effluent stream compositions
and quaniities, and iii) compute the energy requirements. The model integrates
previously separate features into a composite chemical equilibrium and dynamic
process simulation model.

Shnulations have shown that multi-stage flash with recirculation and
condensation heat recovery maximizes the amount of evaporate produced and
minimizes the steam and pumping energy requirements. Leachate with low
volatile organic acids may need only acidic evaporation 0 efficiently treat the
teqchate. Leachate with high concentrations of both ammonia and volatile
orgarnic acids may require @ fwo-siep, pH-adjustrment evaporatiof process. If
""" romionic volatile organic compounds are present in feachate, then pretreatment

such as air stripping may be necessary to obtain adequate evaporate qualiiy.
Adjustments of the initial leachate pH value wilf have no direct effect on the
product-to-feed ratio, the performance ratio, or the evapordte quality with
respect to nonvolatile compounds such as metals. Landfill gas may provide
sufficient energy for leachate vaporization in mony instances for modern
landfills, and semi-continuous operafions may be the mast practical treatment
mode.

INTRODUCTION relatively impermeable materials to prevent the movement af )
leachate fto the soil beneath the landifll (Remdl, 1981) Al
Leachate is formed [rom water that infilirates through & drainage system with coilection pipes is installed over such -
landfifl. As leachate migrates through the refuse, it acoumu-  liners to convey leachale by gravity to 4 sump or storage tamk &
lates snluble contaminants present in the soligd waste and 50l- from which leachale is periodically remaoved for treatment aﬂd'i‘_
uble produsts from anaerobic decomposition Teactions. The  disposal. The quality of leachate can be Highly variable &899
landffll may be lined with plastic, compacted clay, or other  depends on several characteristics of the landfill, including 185,
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Tahle 1 Charaetaristics of Landfill Laachate

Range of Values Swiss Facility Leachate,  Delaware Solid Waste Westetn PA
Parameters Reporied For Leachate Yearly Avorapes &horily Leachate, Leachate,
- fmg/L except pH) (Plelfer, 1992) {Hafsietrer ef af., 1991)  Yearly Avernges (1990 Typical Values
; nH L7-8.5 N/A 6.2 CN/A
E BCOD 4 (=003, 11016} ang MiA MsA
te | CCoD g1-33.000 4057 L] 054
: MWH-¥ 0-1160 2000 578 357
. Alkalinity {CaCOy) 240-21,000 M/A MHiA M/ A
Hardness {CaC0O,) S40-23,000 N/A N/A MAA
Calefum B0-7200 N/A 774 200°
Mlapgnesium 17-14,000 ™NAA 06 a0
Sodium 347700 MAA 1373 MAA
Potassium 28380 MiA MAA M/A
Chloride 52500 MNAA 1482 193
WO /NG 0-10 N/ 1.0 005
Sulfare [-1600 MAA 243 280
Total Carbonate N/ A M/A 1321° 3000
Tatal P 0-130 M A MWAA MsA
Dhzsalved solids a00-45 WA MAA N/ A
S Suspended solids 10-700 MNiA MM MAA
Taoluene.- MAA N/A 0.5% 025
Phenal N/A WA B.0 9035

)

"ot mare

age, binlogical activity, infiltration rate, and refuse type. The
literainre contains numerous repocts om the charactetistios of
leachate from sanitary landfills. A rypical range of Ieachate
clheracteristics that have been repovted are presenied in column
one of Tahle 1 (Pfeffer, 1952, Coptaminants in-leachate in-
clude organic compounds that exeri a bochemical oxygen de-
mand (BODY; high-moeiecular-wetght nonbiodegradable organic
compeounds that eontribute (o chernical cuvgen demand (CODY;
suspended soiids, soluble metals and salts; and volatile inor-
ganic angd organic cotmpounds such es ammonia and acstic
acid, respectively.

Conventional treatment of bandfll leachate may require sev-
erad unit operations to remaye the various contaminants to
Beceptable levels. A typical treatment train may include: O
perubic or aneerobic hiological processes to stebilize biode-
pradlable organic compaonents and ammoniz; i) adsarpiion,
ait stripping, or chemical oridation to remove nonbiodegrad-
able organic compounds; and ) chemical precipitation to
remove heavy metals. As effluent discharge quality standards
become more stringent, it 15 apparent thal landfil lcachate
treatment systems and residugls management are hecomitig
increasingly more complex operations.

Leachate treatment by evaporation may offer the advantage
of attaining acceprable discharge lwits Tor verious types of
contaminants by employing fewer unit operations than 2 treat-
ment train composed of several sequential unit operations.
Evaporative leachate treatment may also produce fewer and
more comcentrated residual streams than conventions] oper-

BENEFITS OF TREATMENT BY EVAPORATION

Leachare treatment. by evaporation allows separation of vol-
alile from nowvolatile compenents. Solids and matals are not
volatile, while the major voletile pollutanis in leechate, am-
monia znd organic acids, can be iransformed into nonvoletile
1ons by adjusting the pi af the solutisn. A common pype of
avaporation proeess is singie-stage flash vaporization illus-
teated in Figure 1, in which the liquid mixture is heated and
enters into a flash chamber at 2 reduced pressure, The mixture
partiafly vaporizes, and the vapors come to equilibrium with
the residual liquid af the new lower pressure and temperature,
I tis paper, the resulting liquid product of Figure 1 is referred
to A5 the conecentrate, while the resuling vapor product that
becomes a lignid upon condensarion is referred 1o as the cvap-
orate, The evaporate will be mostly water, and it may be high
guality and easier to dispose than effluent streams produoced
by conventional treatment processes, The resutlting concentrate
will comtain most of the comtamants and will be 2 small
Fraction of the original lzachate volume, Depending on its Fnal
compasition, the resulting concentrale may be classified a haz-
ardous waste, as is the cage with some residoals from conven-
tional leachate troatment processes,

Reeend investicpiions sugeest that Tandfill eas produced by
the desomposition of landfill refitse may be used as an ETErgY
source for the evaporation of leachate (Birchler af of., 1994

ations. Limited information on the evaporation or distillation M
af landfill leachate has been published. A process model is
needed to assess the effects of influent conditions and process  FEED - PREHEATER

comfipurations on effhient guality for comparison of process
alternatives. AT evaporation troatment process model, Reag-
tion EQuilibrium Evaporation Model (REQEMY, was devel-
oped for cogineering assessment of landfill leachate

1 COMDENSER

L |

EVAPORATOR (J

ni af | @vaporation. REQEM was designed to! 1} simulate differenl i
v, A | Hash vaporization processes, i) predict effluent composition W f
such | and quantittes, and iii) eompute cnergy requirements, The c%rrgc
tank | model simulates flash vaporizaton given the initial Need com-
| and | Position and any of the fellowing: i} temperature and pressare,
and | i) pressure and vaporized fraction, or iii) pressure and heat CONCENTRATE EvaroRaTe
e its | duty, FIGURE 1. Singla-siage flash evaporalion schamatic.
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Hofstetter ef af., 194} A Monte Carla parametric analysis
has shawn that it is conceptually feasible o evaporate leachate
with energy ltom landfi[ gas for typical, modern land Gl eon-
ditions (Birchler ef al, 1994). Thus, two by-prodoets from
landfill operation, leachate and gas, may be used sirategically
in A vaporTization troatment process,

Cierent Leachate Tvaporation Processes

Ouly limited information has been published on evaporation
ot distillatien of landfill leachate. Essentially all pubiisbed
available data on leachate evaporation = derived from the
expericnecs of two growps, one in Germany and one in Switz-
erlznd. In Bavaria, Germany, laboratory distillation tests have
been performed vsing a two-step evaporation process an mixed-
waste landfill leachate of different stretipths, A two-siep cvap-
oFRtion process is illostrated in Fignre 2, wihere the evaporare
[rom the first stop is used as the feed into the next flash
chamber. An adjustment of pH can be made prior to eicher
of the flash steps. A two-step, acid/base leachate distillation
process moseties with pH adjustments between the first and
second sicp was tostod at pilot scale (Steinmetzer, 19871, The
leachate was first made acidie to separate ammonia and rhen
brsic to separate volatile acpanic acids from the resulting evap-
arate, A second rype of process was evaluated at the pilot scale
in which ammenia was frst removed by 2 hagic steam stripping
- pretreatment process, and the basic residoal Hguid was flash
evaporated in a two-stage flash process. The second process
was chosen for operational reasons for Mull-scale evaluation
pnd removed 92 percenl of the COD and 94 percent of the
RmMmonia {Stelnmetzer, 1987; Tiefel, 1989). Several operational
probiems were encountered at the full-scale facility, including
foaming and scaling problems due to precipitated carbonates
fAmsoneit, 1935; Tiefel, 1989). The treatment capacity of the
plant was about 3.6 m® leachatehr {950 gal/hr) or 16,000 m?s
wear (2.8 % 10% gal/year) { Asnsoncit, 1983), Tiefel {1989 reports
that over aseven motith period in 1988, the energy réquirements
of the Facility were 0.74 mton steam /mton leachace, 31.3 k'Whr
electricity/mton leachate, and 0.11 m® fresh water/mton leach-
are.

The Hofstecter Company has installed ino Uttigen, Switzer-
tand & full-scale, 20 wm*/d, semi-continuous bateh, sanitary
Tandfill Teachate multi-stage evaporation process with recir-
culation of the eoncentrate (Bubler, 1991). The [eachate is
adjusted to pH 4 andd is sent through a four-atage fash evap-
arator as shown in Figore 3. A fraction af the concentrote fs
eomitinuously racyeled until the evaporate volume attains tha
desived amaunt, The evaporation pracess is perfarmed vnder
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FIGURE 2. TWD-S!EP Hash avaporation schematic.
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FIGURE 3. Fourstage flash evaporation with recircu-
lation schematic,

vacuuo with the heat from vapor condensation heing used to
prehear the Feed leachate. The liquid in the final siage boils at
approximately 30 O, at a pressure of 7.6 mm Hg {Hofstetter
et al,, 1991}, Air stripping pre-treatment may be ermploved to
remnove carbon dioxide and volatile organic compounds, The
energy for evaporation at this facility is supplied indirectly by
combustion of landfili gas for eleciricity generation. Meat re-
covery in the evaporator is abowe 60-70 percent (Halstetrar er
&, 1591), The evaporate valume is 35 percent of the ariginal
leachate volume with 98.5 percent removal of the COD, am-
monia, and conductivity (Buhler, 1991; Hofstetter er al., 19910
The manufacturar states that no serious aperational probbems
have been encountered ai the Uttigen Tacility,

EVAPORATION PROCESS MODEL

A process simulation madel, Reaction EQuilibrinm Evap-
gration Model (REQEM?Y, was developed to aid the enginecting
mssessment of leachate evaporation treatment processes, The
madel was configured 1o 1) simulate different fash vaper:

zatiom processes, 10 prediet effluent compositon and quan-

tities, and i) compute cnergy cequirements, This model has

been designed to simulate evaporation processes from an en-

viranmental enginesring perspective and cootaing a combi-

nation of capabilities ot simulating the vaporization of fluids

with complex eonposition, such as leachaie or other waste-
WALETs, '

Requirements of a Leachate Vaporizatian Process
Model

The requirements of a leachate vaporization mode] are 2

consequence of the characteristics of the feed and product
heing modeled. A wide range of inlet concentrations needs 10

be considered for the evaluation of leachats evaporation, since .

leachate composition will change over time, and will vary from

landf§l} 10 landfill, Also, since [eachate is & multi-eompotent
aqueous solution of strong and weak electrolyies, ingluding .
volatile and nenvelatile compounds, the process madel mUSL_.
incarparate the requisite chetnical equilibria to accurately pre: g
dict the speciation of eleetrolytes, complexes, and solids that A
may exist in the aqueous solution and the eorresponding fqm N4
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:jibeium g3 phase composition, Becanse of the vadous process
‘nfiguralinns of flash evaporation, the model should be abie
o simulate single- or multi-stage fash vaporization with and
withou! recirculation, and multi-efTest mult-stage fash va-
gorization with and without recircilation.

Modern [andfills produce a comparatively small [eachate
flow rate, which wiil fluctuate depending on the ape of the
wndfill, recent precipitation, and eype of refuse in the fand L,
Thus, batch or semi-continuous operations, not steady-staie
processes, may represend the most practical leachale vapori-
zatiom treatment made. The concentration of mportant con-
| pminants in leachate can range from parts per million (o paris
per thousand. The cffluent quality may have tw be compared
with regulatory discharge Hmils that are in the sub-parts per
milion concentrations. Thus, the madel musl be abis 10 arc-
corately prediel both high and low aqueous coocentrations.

A pH adjustment feature is necessary for prediction af ¥ApoT
and Houid equilibrium in flash vaporization. The phase sep-
aralion of ammonia, chemical oxvegen demand (COD, and
velatile organic acids depends primarily on the inilial pH value
and the extent 1o which the COD is composed of volarile
prganic acids (YOAS) {Birchler &f af., 1994). Since ions of
ammonia and VOAS are not volatile, the model must acecount
for the #H change that tnay oecur during evaporation ko ac-
errately predict vapor and liguid compositions. A pH adjust-
‘ment feature also will permil the evalualion of influent pH
- operational contrel oo the efffuent compositions.

i In summary, the requirements for a Jsachate vaporization
process mode] are: i) an equilibriom chemical model to predict
the Behavior of electralyies, volatile componenis, and solids;
iy 0 simulator For single-stage, multi-stage, or multi-cifect

multi-siage flash vaporization with recireniation; i) the ahility
. 1o handle batch/semi-continuous operations: iv) the capability
; {o handie beth high and low coneentrations; and ) pH var-
fation and adjustment fearures. EEQEM integrates previonsiy
separate options inte o composile chemicn) equilibriom and
dynamic process simolation model,

|
Physical/Chemical Propesties

The physical and chemical properties used in the calenlations
afthe REQEM process model were obtained from four sources.
The majotlty of the agueous chemnical equilibrium constants,
heat of formatiom values, liquid heat capacities, and densiries
were obtained from Aquecus Chemical and Physical Properties
{ACAPP) data bank (Radian Corporation, 1997). Most of the
vapor parameters, suell as Antoine coefflicients for determining
vapor pressure, and heat of formation valves and heat capae-
. ities for computing vapor enthalpics, were pbtained from Hen-
fey (1981) and Reid e af [1987). The vaporsliquid phase
separation data for validation of this medel, and the Wilson
| binary perameters, were obtained from Gmehling (1977).

REQEM contains thirty-four independent compenents, listed
- in Table 2, that can be {ransformed into seventy-eicht com-
plexes anel thirty-eight solids species, In its present form, the
tnadel does nol contain ibe physical and chemical parameters
for al! components that misht be preseat io kandfl [enchate,
Monetheless, parameters are included for principal represent-
ative compounds sech as: volatile ocganic acids (acetic acidy;
semi-volatile organic compounds (phenol and cresol); volatije
organic compounds (e.g., toluene and methyl-elby! ketone);
and principal inorganic compounds (e.p., ammonia, calcinm,
ele.) and disselverl gases {carbon dioxide, hydrogen sulMde and
methans).

Model Algorithms and Theary

REQEM 1s comprised of a fash vaporization module, a
reaction equiltbrium module, and a pH control module.

. Environmenial Fregress (Val. 13, No. 4)
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Table 2 Indspandent Componenis Availabla in REGEM
Mentral Cations ARIons
methane AL CH.CO;
ethane Ca®' Cl-
Propane [ CNE-
toduene I o o
n-tleeanc Ma’ F-
H.O NH,OH" NOp
H,B05, b DY a-Cresol -
H,8:0, phenolate
diethanolamine P, -
monoethanslamine g
melhyl-ethy ketone 5,0, -
50,0
SD}E
80,1
hydroxylamine
disuifonate”

Flash Yaporizalion Module

The flash vaporization simulator is based on the *oside-
out aiporithm (Rostoo and Britt, 1978), Boston and Britt
redefine the typically-used fteration variahles: temperature {Ty,
pressure (P}, vapor and {iquid (¥ and L) fraclion, heat doty
{Q), Henry's constant {Kp), and moie fractions of the feed,
lignid and vepor {o} of the system and replace them with a
new set of varables: U, R, A, B, €, D, E, and F. The steps
in the adiabatic flash algorithm are:

(1Y Assume U, A, B, C, I, E, and F.
—{1} Assume R,

B {3} Calenlate T, Ky, &, ¥, and L.

= {4 Caiculate enthalpies and ercor from enthalpy
gl & balance.
=1 E 5) Revise R and rcturn eo {3} until er-
g tor < tolerance.
[=]

{8) Calculate U', A", C',E" {and B', ', F' first
iteration only).

l————7} Assumc new values of U, A, C, E (and B, D,

F fitst iteration onlyd and return to €29 wndl

caleulated values match assumed values,

Each time flash vaporization is simulated, initial values of U,
R, A, B, C, D, E, andl F are estimated, In the inside loop, R
is varfed until the enthalpy halance is satisfied within & pre-
scribed tolerance for assumed values of parameters U, and A
through F. Using the resulting R value, caleniated values of
U’ and A” through F' are computed. Completed solnton is
achieved when the pssurned values of rhe outer loop variables
(U, A through F) match the calculated values (U, A° through
F '} within the tolerance limit. The main reason for redefining
the traditional iteration varigbles 35 to choose new vadables
which have minimum dependence upon temperature and pres
sure, This stabilizes convergener Behavior without the need
for user manipulation of convergence parameters. The advag-
tare of this algorithm is that the user is not required to Turnish
initial estimates of vapor and [gquid composition, which would
be inefMicienl for bateh and multi-stage Mash configurations.

Reaction Equilibrinm Module

The following three submodules are used in the ceaction
cquilibrinm module o ealeulate the equilibriom concentration
of lguid, gas, and s0lld species: i) an initial value estimater,
1H) & mass and equilibrium calenlation submodote, end i) a
nonlinear copvergenee alporithm submodule.
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Each time the equilibrium cancentration for the aqueous
solution is ealenlated, the indtial value estimator computes g
{irst puess approximation of the cxtent of each reacsion and
the mele fraction of each cquilibrium constituent, The com-
putation of the ficst tdal chemical eouilibrium compasition
valuss is based on A procedure used by Cavallotti ot af, (1980,
which estimates the extent of each ceaction from a svstem of
aon-linear chemical equilibrinm equations, The chemical egqui-
librium equations are linearized for all reactions ao that the
extents of reaction can be calenlated directly, The assumptions
used ta linearize the chemical equilibrium equations are based
on a ser of independent components which must be chosen
from the possible cquilibrum specics. Teo produce the most
acourate first gpess of reaction extents, species present in the
gredtest quantity at equilibrivm should be chosen as the in-
dependent components set {Stadeher and Seriven, 19733, This
choice is determined by the user of the program as an internal
parameter input. The exteris of the reactions are caloulated
assuming the reactions oconr independently of each other.

The final equilibrinm compesition 18 sofved itetatively, Mass
balance and chemical equilibrinm equakions and their remain-
ders are calculated using the extents and (he liguid mole frac-
tion values provided by the initial gress estimator submodule.
Az the estimation valpe of the extent of the reactivns ap-
proaches its true value, he remainders values approach zero
in the equations, Convergence is achieved when the sum of
the squares of the remainders in the mass balanee and chemical
equilibrium equations are below a prescribed tolerance. IF con-
vergenee has nat been achieved, new extents and mole fractions
are generated using &4 non-linear parameter algorithm based
on a combination of the Taylor series method and the steepest-
descent or gradient methed (Marquardt, 196833 The user is
often interested in small concentrations in environmental as-
sessment applications. Henee, numerical errote can signifi-
canely affect the results. The tumerical error can be decreased
by varying the degree in which the two methods are combined.
The accuracy of the equilibrium program is determined by the
sum of the square of mass balance and chemical equilibrium
rematnders. For the numerical error to be insienificant, the
surn of the square value should be less than the smallest eon-
centration of interest squared.

pH Control Module

© An external differential control loop is used to estimate the
amaunt of acid or base required to adjust the pH in the agueous

solution to achieve ehe desired pH value. The user enters ap
initial guess of the amount of acid or base to be added i
achieve the desired pH level. REQEM calculates the resulting
pH walue and a second pH value gssuming 90 parcent of the
initial acid/Tase smounl was added. The model computes the
amonnt af acid/base required to achieve the desired pH valys
through extrapolation vging the tvo pH values. REQEM uses
the new guess to revise the amonnt of acid/base that is added
unti] the calenlated pH value is within a prescribed tolerapce
of the desired pH value. The defauit acid and hase used 1
adjust pH value are ipdrochloric acid and sodium hydroxida,
respectively,

MODEL YERIFICATION

The eeaction eguilibrium module aned the flash vaporization
madule in REQEM are calibrated separatcly, [t 15 asstned
that the resulting combination of the two will provide a reliable
simulation of flash evaporation of landfif] leachate.

Reaction Equilibriom Modale

The predicted equilibtium results of the REQEM model have
lieen compared (0 tie predicted results from Aguesus Chemizal
and Physical Properties (ACAPP) equilibrium madel (Radian,
19913, Table 3 lsts for six systems the initlal feed species, the
final equilibrivim species formed, and whether pH adjustiment
was specified. These cases and others wete ased to validats the
maodet's pH adjustment feature and the compuied equilibrium
conceitrations for electrolytes, complexes and solids, In cages
Sand &, selid formation was possible, For case 5, solids were
allowed to precipitate; for case 6, supersaturation was as-
sumed,

The predicted REQEM cquilibrium concentrations were
compared with ACAPP's predicted concentrations. Results in
Table 4, for exatmpie, show good agreement for case 5 botween
the two models® predicted squilibrium concentrations. The pH
vRlues for the six cases using REQEM and the ACAPP models
range from 4 to 13 and agree within 0.1 units. Results in Table
4, and other results not shown, indicate that the predicrad
equilibrium concentrations of the model are pood. Part of the
close agrestient between the tao models resulis from both
models aceessing the same data bank containing the equilib-
rium constant coefficionts,

Tabls 3 Raprasentative Validation Cases for the Heacifen Equilibrium Madule of HEGEM

Systems  Feed Speries Fowmed pH Adjustmend  Solids
Case | H.0, NH,OH, H*, OH°, M0, NHOH, NHy, CTHCO.H, Mo N/A

CH,CO.H CH,C0; ' -
Case 2 H,0, NH,OH, H", OH", H,O, NH,0H, NH;, CH,COH, Yes, pH=4 MiA

CH OO H CH,CO¢
Case 3 H.O, NHOH, H*, OH™, H,O, NHO0H, NHy, CH,C0,H,  Yes, pH=iD MNAA

CHLOOL CH,CO; —
Case 4 H;D. NHqGH, H+|. DH_-| H]D1 NT‘I;. NI'I{GI'I1 NI-I4C0]-1 Mo NAA

CH,CHR, Oy, WNHHCO, NH.CO;, CHCOH,

CeHOH CH,CO;, HCO,, HOO;, €0, 0,2,

CeH:0 ", CHOH

p——

Case 5 H: O, NH,OH, 39 Species
CH,COLH, CO,, Cr, (see Tahble 4)
Mg, Ma, Cl, 80, N,

M Tes
{10 snlids possiblel

—

Cage & .0, NFLOH, 19 Species
CH,CO,H, CO,, Cn,
Mg, Wa, 1, 80y, NO,

Mo Bupersaturated

p——"1
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Ca
Cal’,
CaHCD,
CamNG,
CalH
Caso,
Mg
MQED;
MeHCO.
MpOH
MESDq
Ma
NaCO,
NaHCO,
NaNG,
MNaOH
MNas0,
NH,CO,
NHM,C0,
NH,HCC
NHHSC
MNH, 30,
H.CD,
HCO,
Cix,

C0y
HNO,
H50,
Safids
CRCOy
Me(OH),
MeCO(s
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REQEM and AcA
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‘ NH, O.0E L+ ) 4.2E-32 1E—-nn2
. NH,O0H Y.EE-D2 I0NE -2 I4E -2
. Adelate OOE+00 4.8E—n) JEE—-m
Acetic Acid 5.2E-01 2HE-05 1.2E -5
Cl 2T7E—-q02 25E—02 1.8E- 02
OH 0.0 + () 2TE~05 21E—(3
WO, TAE - D4 &.8E— 104 4.7E -4
50, 16E - 02 LIE-0 1.3AE—q3
Ca I.BE - 01 1.iJE-05 1.8E- 05
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HCO, O.0E =00 2.3E=n2 I.6E - Q2
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H=EO, {.0E + 16 I7E—-10 2.6E- 11
Solidy
CaC0,{2) 0.0E -+ 00 F.7E—01 18R -0
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Flash Vaporizaiion Module

The validity of the Flash vaporization caloyiations of REQEM
has been tesied by comparing the REQEM mode] prediglions
with experimental resules far binary vaper/liguid equilibrium
mole fraclions, Pour binary casas were studied, In each of the
binary sysiems examined, water was one of the compancnis
and the other component was vither emmonia, acetic acid,
carbon dioxide, or phengl, The Tequid and gas male fractions
of the REQEM model were compared with soveral experi-
menial dais sets {Genchling, 1977) Figure 4 shows g COMmpar-
izon of REQEMs predictions with three experimental resuls
for water and ammonia. The resnlts show that the nonjd2aijty
of these mixtures 15 handied adequately by introducing activity
cocfficients calentated From the Wilsan eguation {Grmehling,
19771, The Wilson equation with {he binary inteéraction con-
stants fit experimenta! data well even in dilute regions whern
varfation of e compound’s activiey coefficient becomes ex-
ponential, Good agreement exists between REQEM's Dredie.
tions and the experimental results for the equilibrivm mple
fraction of liguid and YEQOT.

As aresult of the separate validation af the aquenus clhemica)
equilibrium module and the liquid/vapor equilibrium module,
the resulting combination of these moduoles will provide 5im-
ulation of flash vaporization of lepehate aoreunting for botk
aQueons reactions and vapor/iquid equilibrium.

pH CONTROL AND EVAPORATE QUALITY

The initial pH af leachate can strongly influence the sepa-
ration of the contaminanis in the evaporation processes. In
order to evaluate the effect of faeq eH on evaporare quality,
a single-stage flash evaporation process was simulated using
vearly average leachats characterization date [rom A landfil]
operated by Drelawars Solid Waste Authatity (1990), The av-
erage leachaie quality was NH; =378 mg N/L and COD= EE00
mg/L (a5 acetie acig equivalent); the other species reported in
leachate are listed Tahle 1. in the simulations, the jeachate was
preheated ta 97 C and flashed with 20 percent vaporization at
B C with external heat added. Faur tifferent cases were sime
ulated. In two cases, the initial PH was adjusted 10 gkt 4 Ising
M€ and H,80,, tespectively. In the third case, the influent
leachaze value of pM rempined unchanged from its inftial value
of 6.2, and in the fourth case, the pH was adinsted 1 10 using
MaH. The evaporate concentrations and perecot remaining
it the evaporate for the diffecent pH adjustments are shown
in Figures 5 and & for ammoqia and acetic acid, respactively,

The fallowing discussion on the effect of pH adjustment op
EvApOrAte qnality fecusess on armmania and acetic acid, as thesa
two valatile sperics are g principal coneern in legehate iroat-
ment, The adjustment. of the initial leachate PH value will have
no direct effect on the evaporate quality with respect ta non-
volatile compounds such as metals and simple salts,

Acidic Yaporizaifon

A ene-step, acidic evaporation process stmulation showed
separation af 9% percent of ammonia {tom the evaporate, By
emitially adjusting the pH Jeved 1o 4, the ammonia in the Jeachate
is ransformed o ammonium ion and does not vaporize and
tentaminaie the evaporate. However, 75 pereent of the original
acetic acid it predicted 1o carty over to the evaporsie. Thus,
une-siep cvaperation with acidie pH adjustment Ay be suit-
able for praducing an evaporate having iow concentrations of
both ammaniz and velatile oreanic acids (VOAs) ooly if the
leachate coniains initially low concentrations of YO As,
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Basic Vaparization

A one-step basic evaporation process simulation showed
separation of YOAs from the evaporate. With the initial pH
at 1t} acetic acid is jonic and 59 pereent remaios in the con-
centrate, while the majority of the ammonia is ttansformed ta
a volatile species and 3 percent remains in the concentrate,
Thus, 2 one-step evaporation with basic pH adjustment may
be suitable for producing an evaporate {ree of both VOAs and
ammoenia only il low amounts of ammonia are present inftially
in the leachate.

Two-slep pH Adjustment Yaporization

The zitnulations discussed above, and the resulis of labe-
ratory tests and field experience with Ieachate, suggest there
15 po sitgle pH vaine whers both ammaonia and acetic acid can
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be preventsd fram vaporizing into the product. For PRAMpley

flash evaporation simolations with no pH adfustmen,
(pH = 6.2} showed aignificant amaunts of ammonia and aceti,
acid tn the evaporate. This agrees with laboratory tests for piy
values ranging from 5 to ¥ in which both ammonia and agey;
acid are somewhat volatile and carry over into the evaporap,
(Birchler of al., 1994},

A two-step pH adjustment evaporation process may be
quired to remove smmonia and VOAs when high levels of ba,
compounds ate present in leachate. A two-sten acid /base avap.
aration process was simulated by adjusting pH to 4, preheatip I
Lhe leachate to 97 C, and flashing at 8¢ C (355 mm Mx); the
sccond step was simulated by condensing the evaporate, ag.
justing pHl to 10, and flashing at 50 € (92.5 mm Hgd. The
guality of the evaporate is predicted (o improve greatly for the
two-step process, Figures 3 and 4 illusceate that aver 99 percen;
of both the ammoniz and the acetic acid may be retained in
the concentrates from A two-step acid/Base pH adjnsiment
process. Thus, an acid/base, two-step evaparation process, or
an cquivalent technalogy incorporating distillation with evap
oration, would be needed Lo obrain satisfactory evaporate qual-
ity for r strong leachate having high fevels of both ammonia
and ¥ Az,

Scleetion of the pH Valuce

The pH of leachate should be adjusted about I pH unit from
the pK, value, towards the jonic constituents, for separation
of significant ionizeble volatile compounds, The pX, of am-
monia, acetic acid, and phenal at the temperatures of interest
are around &, 5, and 10, respectively. Henee, if the pH of the
solution is 10, for example, then the phenal {5 partially volatile
and some will carry over to the evaporate durlng a basic EYAD-
oration step. The pH of leachate with large amounts of phenal
should be adjusted to 17 1o retein the majority of the phennol
in the coneentrate, In a two-step acid/base flash evaporation
simulation where the first-step pH adjustment was pH 4, and
the second-step pH adjustment was pH 10, the pereent of
phenol that remained in the evaporate was 5 percent of the
total phenal coneentration. When the second-step pH adjust-
iment was set at pH 11, the resulting pereent of phenol in the
evaporate was rodoced to less than 0.6 peccent: albmost 1en
times lower than that at pH 10,

Nonionic, ¥olatile Organic Compounds in Leachate

Anather set of simulations was performed ta assess toluene
dispasition for the case of [eachate data reported by the Del-
aware Solid Waste Authority. Toloene i5 a nonionic, voilatile
arganic compound, As a vesult, the conceniration of tolncne
in the evaporate shoold not vary as a result of pH adjusement.
The predicted concentrations of tohtene in the evaporate were
between 74-T6 percent of the total teluene for single-stape flash
process simulations with pH adjusiment of 4, 6.2, and 10.
Thus, if significant amounts of nooionic volatile oreanic coni-
pounds (VOCs) such s toluene are ptesent in the leachats,
addirional measures may be necessary to obtain adequate eyap-
orate qoality. This relates to the Swiss cxperience which has
employed air stripping 85 a preteatment to remaove YOS

and {he German expetience which cmployed steam strippng
with evaporation toe achieve removal of totel argapic carbon..

Potential for Scaling

The process simulatian showed that the potential for scalifg

varies when different acids are used Lo adjost the pH, i‘gf_'!:f_.
when the order of adding acid and base is altered. For 2 singl®”
stage flash with leachate composition For the Delaware Sofid°

Waste Authority at a prescribed value of 96 pereent vaporiz ! :

Environmental Progress (Vol, 13, No: 4.
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{30 was used to adjust the pH to 4. When FICI was used
for the pH adjustment, no solids were predicted 1o form. The
eun']jorﬂtt guality was the same whether Ha80: or HED was
ysed.

The simulations showed that caleiom carbonate and mag-
nesivm hydroxide solids wauld form if the leachate was made
ftusic lirst. When the leachate was made acidic first fusing HCl}
ind basic second, no solids were predicted to form because 58
gpereenit of the carbonate was retnoved in the acidic evaporation
!,md the cations {Ca, Mg) that may form solids with hydroxide
imd carbonate remaincd in the concenirate, As o result, solids
tid not form in ihe solution from acidic evaporation when
made basic and flashed in the second stop. In summary, to
:decrenst the Hkelihood of scaling during acidic flash evapo-
sraticom, HC| instead of H,50, should be used to adjust the pH
-of izrehate, TF basic evaporation 5 necessary to remove ¥OAs

-from ammonia, flashing ficst with acidic leachate ane adjustin E

Ahe tesulling evaporate 1o basic conditions will reduce the
ikelihood of solids precipitating, as well as help mantain
vacuum during the hasic evaporation,

CONCENTRATE STREAM QUATLITY

The 1wo-step flash cvaporation process produces two 2f-
-fluent concentrate streams (Figure 23, and their composition
“varies greatly, The volume of the concentrate stream is a stnall
fraction of the oariginal feed valume. In (hese simulations, Lhe
gtﬂ:lical concentrate stream volume was specificd between § and
1 pereent of the ariginal stream’s volume. 1f & two-step flash
‘vaporization process is required, the concentrate stream from
‘the sccomd flash vaporization will contain only the vesidual
jonit fractions of volatile compounds carricd gver from the
first vaporization, The concentrate streatmn feom the [irst ash
evaporation i5 predicted to contgin essentially all the nonval-
atile impurities such s metals, sals mand solids, This s an
important consideration for evaluating the fate of heavy metal
cationts in leachate feed strepins. The ratio of the feed volume
1o the eoncentrate volume gives the concentration factor for
the metals. This factar is one of the decision variables far the
ptocess, 1f the concentrate stream is characterized s g haz-
‘ardous waste, 8 high concentretion factor will help reduce the
“cost of disposel. In such case, additional drying or erystalli-
ration of the concentrate tay be warranted,

For purposes of reliable simulations, the concentralion fae-
tor may be limited by computational algntithms and chemical
equifibrium data bases for very high ienic strength solutions,
For a dilute leachate, such as that reperted for the western
Pennzylvania leachate in Table I, the simulation can accotn-
modate 8 concentrate stream that is four percent of the feed
stream, i.e., a concentration faclor of 25.

PROCESS CONFIGURATION EVALUATIONS

Jeveral process configurations wete evaluaied using the fol-
Iowing criteria: product-to-Feed ratio, the performancs ratio,
and lhe £ffluent stream quality, The proaduci-to-Teed ratio ts
8 dimensionless number that is equivalent to the volume of
evaporate produced per initiol volume of the fecd, A lares
meoduct-to-feed ratio indicates a small quantity of concenkrate
W be disposed, The product-to-Tesd tatin was arbitracly set
&l 0.90 for process configuration evaluation, The performance
fatio is an imporiant parameter olten used to cvaluate desal-
nalot processes. The performatnce ratio 35 the oumber of
Kiograms of evaporate produced per kilogram of steam used
to preheat the feed leachate, A large performanee crtia indi-
cites [ow oporating costs in terms of Mel esnsumption.
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Tabie & Recycle end Onee-thraugh Somparisen of Per-
tormance Rativs for a Single-stage Flash Evaporation

Pracess Produet-ta-foed Peorfarmanece Ratio
Description Ralin (kg evaporate/Rg steam)
Once-throngh 0.03 0.2
Recirculation .90 0.7

Temperature Range of Flash Evaporation

For & given leachate flow rate, the vapor production i de-
termined by the temperature differential between the preheaced
Teed and the final equilibrium flash temperature of the process.
The performance of the flash evaporation process can be im-
proved by increasing the temperature differential: Tinwever,
there are constraints Lhat limit the size of the temperature
differential. The first constraint is the boiling paint range of
leachate which is abont 106 € at 760 mm Hg. To preveot
hoiling I e preheatsr, the leachate should be below 100 C
unless it is pressurized. Steam pressure gvailability is also a
constraint, If the steam pressure is low, an allowanee has to
he provided for the pressure drops in lines and vaives that
would lower the condensing temperature of the steam. The
minimum flash temperatute is limited by the need o condense
the resulting flash vapors at a reasonable termperature. De-
salinatien plants vsually design the equilibrium flash temper-
ature to be 35-40 C (45-55 mm Hg), so that ambient
temporature water or feed can condetae the vapors {Kahn,
1988). If preheated temperature is 100 C and the (ipal [fash
temperature is 35 C, the sensible hest of parc water released
due to the pressure drop is abeur 70 keal kg, which is ap-
praoximately 178 of the amount of heat required to vaporize
one kg of water, Thus, the hest product-ie-Feed ratio obtain-
able under these constraints is abont 8. 12 for Mash evaporation;
hetiee, theee is the need to recycle the concenteate in the process
{0 attain & large pereentage of evaporate relative to faed,

Recircolation of the Concentrate

In arder to increase the product-to-feed ratio and improve
heat efficiency, the concentrate must be recirculated through
the process, A preseribed product-to-feed tatto can be achieved
by reoycling the concentrate back through the flash chambers
until the desired evaporate voltme is produced. In this smannet,
it is possible to achieve 0,99 or more produci-to-feed ratios
using only fash evaporativn, Table 5 lists the prodoct-to-feed
ratio and the performanes ratio for & onee-through and &
tecirculating single-stage adiabalic Hash process using the ini-
lial feed leachate composition as reporied Tor the Swiss Cactlity
with at assnmed value of 90 percent vaporization with leachate
recircudation. The simulation was performed for leachate ad-
justed to pH 4, preheated to 97 C, and flashed at &80 C (355
mim Hg). The per[oemance ratio was approximalely three times
larger for the process with recirculation than for the process
without recireulation. The incrozse n ihe performance ratio
results from the need to preheat the reeyeled stream from only
BO C to 97 Cinsteadt of 25 Clo 97 C, and e need to prehoat
smaller amounts of the concentrate for each recitculation pass.
In this sitnulation of a8 giogle-stagea [ash vaporization pracess
with rocirculation, the concentrate was predicted to rocirculaie
112 times, and over 35 limes the original fecd volumes was
heated Lo obtain 0.90 produci-to-feed ratio. Reciceulating e
concentrate stream releases less amounts of noncondensable
eas that helps maintamn vacuum in the flash chamber and goad
heai transfer in the condonser. Flash evaporation with tecic-
culation slso requires additional pemping eteegy.
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Multi-stage Flash with Recirculation

Erocess simulations showed that multi-stage flash with re-
cyele uses less pumping encrgy than a single-stags Aash with
recyele o produce the same amount of evaporate. A four-
stage flash cvaporation processes witlk reeyele was simulated
for an initial leachate composition as reported for the Swiss
facility. The simulation was performed for leachate adjusred
to pH 4, preheated to 37 €, and fashed in the Goal stage at
40 . The porformance ratio for a recirculating four-sta ge Mash
process with prescribed 90 percent vaparization Fraction was
predicted to be 0.7 kg evaporate/ kg steam. The copcentrate
was predicted (o be cecirenlated 28 times, and almost [0 times
the ariginal feed velume was heated to obtain a (.50 prodict-
to-feed ratio.

The single-stage fTash with recyelc (Table 5) bad a similar
perfarmance ratio as the four-stage flash process with reevele,
But, the single-stage flash process with recycle requires pre-
heating over 1.5 times the volume af leachate than the mult-
stage flash process with reeycle. The singte-stage [lasth process
with recyzle tequires the temperature of the cancentrate to he
raized approximately 20 degraes to reach 97 C, while the four-
slage process with recyele must rajse the recitcnlated comcen-
trate approximately &) C. As a result of the temperature dif-
ference and prabieat requirements, the four-stage recycle procoss
without heat recavery uses appesximately the same amount of
steam to produce the same amouat of cvaporate rg the single-
stage racycle process, although the latter requires greater vol-
umetric thronghmptt.

Recovered Heat from Condensation

The aectual amount of steam required to preheat the feed
leachate depends on whether the condensation heat iz re-
covered. The heat from condensing flash vapors can be re-
covered by nsing the incoming feed leachate as coaling flnid
for condensing the flash vapors. The recovered heat can pro-
vide a laree percetitage of the total enerey necessary to proheat
the feed lechate to its highest temperature. All the encrey,
thearetically, cannot be transferred and the amount of heat
transfer will depend on the size and design of the heat ox-
changer. In the case of the full-scale Swiss facifity, it is esti-
mated that about 43 percent of the heat from condensing the
vapars is available to preheat the leachate. The energy from
the last stage cannof be used to preheat the canecntrate strearn
since its vapors are at the same tamperature as the recirculating
concentrate. By using the heat. of condensation, the mulij-stage
ftash evaporation process with recircolation an produce 1 kg
ofevaporate per 1 kg to steam used in the pre-heater. Increasing
the number of sizges increases the amount of heat tecovery
fram condensing vapors and increases the performance ratia.
In desalination processes, the performance ratio can reach as
high as 14 althongh the oember of stages may be over 25 with
increased capital cost. The number of stages for a process
should he selected with respect to enetgy costs and capital costs.
This comparisen has shown that multi-stage ash with recit-
culation and condensation Beat recovery maximizes the amount
ol evaperaie produced and minimizes the steam and pumping
ENETEy Tequircments,

Mulli-el{eci Flash Evaporalion

External heat can be ndded to the lcachatc by installing
suhmerged heating coils in the flash chambers 4o vaporize a
larget pereentage of feed. The vesulting process is referred to
as multi-cffect flash evaporation. To compare malti-effect,
multi-stage flash evaporation with muolti-stage Mash with re-
circulation, a muli-sffect, four-stage flash process was sim-
ulated where enough heat was added to vaporize about 60
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Table § Muithattect and Mulii-stags Comparisan g
Ferformance Hatios for Flash Evaparation with 65%
Contdensation Heat Racovery

Table 7
Concent

Performance
Rario with 450

Process Produet-to-feed Condensarion
Deseription Ratio Heal Revovery
Multi-offect 0.58 1.7
Four-atage Flash
Four-stage Flash (.20 [.O

with Recirculation

percent of the leachare using the composition reported far tha
Swiss facility. In the simulation, the initial lenchate was ad-
justed to pH 4, pre-heated to 97 <, and a 805 mm HEg pressure
drep was divided batween four stapes. Table 6 shows & cog-
parison of the product-to-feed ratio and the perfarmance ratin
For the multi-effect, four-stage flash process and che fi OUr-siage
flash process with recirculation. This comparison shows that
muiti-effect, multi-stage flash is 20 porcent more energy ef
ficient than multt-stage Nash cvaporation. Thus, external heat
eculd be added o obeain the best product-to-feed ratic and
petlormance ratio. However, the addition of multi-effect fiash
evaporation can cause prablems with leachate, Submereed roils
need to be instalied into the flash chambers to supply the
exteroal heat 1o each stage. Solids such as caleium carbonate
and magacsium bydrosdde can precipitate, which THAY cause
scaling on the eoils and reduce the heat transfer efficiency
resulting in increased operating and maintenonee costs. Muli-
effect flash vaporizativm eliminates the advantages of pure
flash vaporization by itroducing & heat transfer surface that
is in contact with the leachate during phase separation, Thus,
multielfect flash evaporation of leachate may be benaficial
only if seale-farming compounds such as caleium, magnesivm,
sulfate, phosphate, And organic residnes are at low concen-
trations. Otherwise, multi-effect flash evaporation of leachate
may create sealing and deposition problems on heat transter
surfaces.

APPLIED LEACHATE EVAPORATION
SIMULATIONS

The ereatrent ol leachate was simulared osing twro poblished
leachate compositions and a two-step, four-stage, acvidic/basic
flash vaportzation process with recirculation. The lsachate faed
compositions [Table 1) were the average values reparted for a
western Pennsylvania facilicy {PA), and the yearly pverage
values reported by the Delaware Solid Wasie Authority
WAL, These twa feed compositions were chosen hecanse
they represcent 4 diverse range of leachate sirengths and becauose
they reported many similar species that were i REQEM s datn
hase, The DSWA leachale contained zlmost ren times the
amount of acetic goid and twice the amount of ammenia -
ported in the PA leachate. it was assumed that VOAs or COD
values reported for these leachates were prescnt as acetic acid
eguivalent.

In the sitnulation, the feed leachate was first adjusted to pH
4, pre-heated to 97 C, flashed in the final stage al 40 C, and
recirculated unill approxtmately 93 percent of the ariginal vol-
ume was obtained. In the second step, the feed [eachate Was
adjusted to pH 11, pre-heated tp 97 C, flashee at the [inal
siage at 40 C, and recirculated until approximately 95 porcent
of the feed volome was obtained. The 0.95 product-to-feed
ratio was chosen for the first step of the process hecause the
temaining J percent was sufficient volome to contain ﬂll‘ﬂlLt
nenvelatile eontaminants sueh as metals and simpis salrs with-
out creating appeeciable precipitated solids in the effuent
stream, Also, the ionic strength of the sohiion was not 52
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laldi= 1 Frediciadd Evaparale and Concenfrate Effluent
goncendraliona for a Twa-slep, Four-stage Flash Evap-
aralion using DSWA Feed Laschate

————a,

Coneentrate 1 Concentrate 2 Evaporate
Species Muolarity tolarity molarity
1 1.1E~ 04 4.1B— 12 —
.NH, 40801 J.IE-1] _—
‘NH.OH 6.3E-03 SIE-3 T.7E—(15
Aretage TIE-(2 LIE+00 —_
Acetic Acid 3.3E-01 5.0E-07 [AE-N7
Fhenalate 44E-10 1LTE-0 —_—
Phenol LIE-D5 4. 3E — 0 19E—0%
Toluene 6.4E — (M 5. 1E—3t 6.0E—1&

SITOME a8 to Introduce £reors in contputing activity cocfficients.
The product-to-feed ratio in the second step was larger since
the streamy would not contain solid forming constituents.

The predicted molaritios of the two concentrate soreamis and
the cvaporate stream from the DSWA and PA lenchates are
presented in Tables 7 and 8, rospectively, for selecied specins.
Many of the compounds f'ormed were anly prosent in the con-
centrate and are not included in these tables, As expectad, loss
then I percent of ammonia and acetic acid, and less than 7
pereent of phencl remained it the final evaporate for either
leachate, Toluene did carry over to the final evaporate, Sep-
Arate freatment would be necessary to remove the remaining
toluene. Steam-stripping pre-treatmend, as in the Crerman cvap-
oration (aeility, or air stripping pre-treatment, as provided in
the Swiss evaporation facility, are two possible alternatives to
[EMOYe nonionic, volatile organic eompounds,

For the DEWA leachate, 2 two-step PH adjustment process
is neceasary to remove ammonia, acetic acid and phenol to
acceptabie levels, In the simulation, 3300 me/L ol hydrochloric
acid wes pdded to achieve & pH value of 4, and an additional

. 500 me/L was added to maintain the pH of 4 through out the
revaporation, For the besic pH adjustment, 7700 me/L of so-
divm hydroxide was added initially, and no sdditional base
was necegsary during the run to maintain the pH above 11.
The feed leachate was predicted to recycle 25 times In the tirst
step and 3% times in the second step. The caloulated perform-
_Ance ratio for the two-step process was L5 kg evaporate/kg
'steam. The performance ratio was low beeause the evaporate
had to be vaporized twice to remove both ammania end acetic
acid. As a result, twice the amount of steam had to be used
to produce roughly the sare quantfty of evaporate as in 8 one-
step Flash vaporization. The second concentrate effluent stream
contains significant acetate and small amounts of phenelate,
In practice, it may be passible to dispose such eoncentrate 1o
4 sewer system without Further treatment other than pH ad-
justment,

Tor the western PA leachate, the simulations show that a
single-step, four-stage flash vaporization process may be suf-

Table 8 Predicted Evaporate and Cancenirate Effluent
Cenceniralions for 8 Two-step, Four-stage Flash Evap-
oration using Westem PA Feed Leachate

Coneentrate | Coneentrate 2 Evaporate

Snacies Molarity Malarity Muolarity
H 1.7JE-{d 24E—12 —_——
NH, 4.4E — [ 6.6E— 30 N—

NH,OH % 9E-05 4.6E-31 SAE-05
Acetate 02E =03 1.AE -0 —_—

Aratic Acid J3E-02 IBE-18 1.5E—0&
Phenaolate 1.5E =12 LIE-0& _

Phenaol 1.8E - 07 1.BE-D8 I4E - 0%

Teluene 5 2E-0& S.hE = 3] 13E-06
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Table® Predicted Evaporate Concentrations for 3 Gne-
step, Four-stage Flash Evaporation Process using West-
ern FA Feed Laachale and for & Two-step, Four-staga
Fiash Evaparalion Process using DSWA Feed Leachaba

One-step, Western A Two-step, DEWA
Predicted BEvaporate Predicted Evaporate

Species Molarity Molarity
NH, O 5.0F 05 T.TE-05
Acetic Acid 13602 14E-(7
Fhenesl IAE-O7 2.0E 04
Toloene 2.6E — (6 6.0E—05

ficient to ohtain acceplable evaporate quabity, sincs initint acetic
acid and phenol concentrations are low. The predicted avap-
orate molarities for single-step treatment of the western PA
leachale and the two-siep treatment of DSWA [eachaie arc
shown io Tahle . The predicted composition from the first
step with the PA leachate was similar to the cvaporate con-
centration from thie second step with the DSW A leachate except
{or the acetic acid coneontration. The acetic acid concentration
in the evaporate from the first siep is predicied to be about
013 M (abeout 300 mesL as CODY or the PA leachate. For
simulntion purposes, all the COD was assigned ns acetic acid,
although most of the COD in leachate from older lzndfills
would be comprised of nonvolatile components {Birchlar g¢
&l., 1994). Thus, depending on the COD composition, a sitigle-
Step evaparate peocess may produce acceptable evaporate, For
the first step Acidic evaporation simulation, 730 mg/L ol hy-
drochloric acid was initially added to the feed ta achieve a pH
vatue of 4, and an additional 120 me/L ol hydroghloric asid
was added during the recirculation to maintain the reeyeled
concentrate at 4 pH of 4. The PA leachate feed was predicted
to recycle 26 times to vaporize 95 percent of the origingl feed
using the single-step, four-stage Aash. The computed rerfort-
ance ratic was approsimately 1.0 kg evaporate/kg steam for
the one-step process.

ECONOMIC ISSUES

The results from maode] simulations suggest thar the evap-
orate composition from a two-step leachate vaporization treat-
ment process mey be high quality with respeet to conventional
pallutants. The major operating costs of evaporative leachate
treatrnent are the large amaunts of energy regnired to vaparize
water ahd costs for disposal of the effluent sireams. Tf land (il
Bas can be used as the encrgy source for (he process, the
operating costs are greatly redueed. The concentrate from the
second evaporation step may contain mainiy ¥0As and could
he easily biotreated or disposcd to a sewer sysiom. The disposal
of the concentrate or shidge from the first cvaporation step
may be a principal operating cost. As with some conventional
hinlogical and chernical leachate treatment processcs, the re-
sulting shiclge may be characterized as hazardous waste, The
disposal of the sludee back into the landfill, as ac the Swisz
facility, may not be possible due to more stringent reguiations
in the United States. Additional treatment for the sludee, and
other disposal opliens, would increrse the total operating casts.

The number of evaporation stages and the size of the beat
exchangers would affect the total eost, Many stages and Jacge
beat transfer areas would reduce steam consumption and op-
eratitig costs, but increase capital costs, The capital cost should
not be greatly influenced by the need for a two-step pH ad-
fustmenr process versus & one-step process, sinee the same
equiprnent could be psed for both steps with suitable holding
vessels. The capital costs are influenced also by the need o
predect apainst the carrasive nature of Lhe soluticns.
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CONCLUSION

Only limited published infocmation is availahle on £vapo-
ration of landfill leachate, The Reaction EQuilibrium Evap-
oration Model (REQEM} was developed to evaluate the use
of evaporation processes to treqi |cachate, REQEM was de-
signed io: 1) simulate different flash vaporization processes,
ii) predict the effluent sircam compositions and quantities, and
iii) compute the encrey requirements.

Siroelations have shown a one-step evaporation process may
be sufficient for ohipining adequate cvaparate gudlity wich
Tespect to ammania or aceiic acld for low concentrations of
either contaminant, However, it is evident that a Lwr-50en
evaporation progess, such as an acidic/basic evaporation proe-
es3 of equivalent technology, woold be needed ta ohtain sat-
isfactery evaporate guatity for a strong leachate haviog high
concentrations of ammonia and volatile oreanic acids (VOAz).
If nonienie, volatile organic componnds VO] are prescnd
in appreciable amounts in leachate, then pra- ar post-treatment
may be necessary (o obtain adequate cvaporate quality.

The resulting evaporate from leachate treatment, which will
be mostly watar, may be easier to dispose than effluent strezms
produced by cooventional troatment processes. The cancen-
trate streams will be a small fraction af the original leachare
volume, The first concentrate stream af & two-step vapoti-
2atian process may be characierized as a Nazardous waste de-
pending on the injtial concentration of constitnents in leachate
and the vaporized fractiom, particularly with respect to con-
centrating heavy metals, The concenteate stragm from the sec-
ond [lash vaporization is predicted to contain enly residual
jonic wolatile arganic compounds, e.g., VOAs, and may be
suitable for discharge to B sewer system, Alternatively, big-
logical treatment eould be used to effectively troat the ViIAS
in the evaporate from a single stage process in tien of second
stage evAporation. Simulations have shown that using HC
instead of H,30, to control the pH of leachate decreases the
likelihaod of scaling during Nash evaporation. The adjostment
of pH in the [eachate [eed will have no direct effect on the
product-to-feed ratio, the performance ratig, or the evaparate
quality with respect to either nonionic YOCs, or nonvalatile
coimpounds such as metals and simple salts,

In the evaluation of different process configurations, the
multi-stage flash process with recitculation and condensation
heat recavery maximized the amount of evaporate produced
and minimized the steam and pumping energy requiremenis.
The number of stages for a process should be selected with
respect to Dalancing energy costs and eapital costs. Muohi-
effect, multi-stage Flash evaporation of leachate tmalr be more
energy efficient than muoiti-stage fTash with recireulation, but
feasible only if scale-forming compounds are at low fevels. In
geneeal, mulii-stage flash evaporation with recireulation and
heat reesvery appears ta be the preferred process.

It appears that ITash vaporization may have many benefits
which mertt furthet investigation. Flash vaparization systems
can be evaluated by computer sirmulation to anticipate che hest
tiperating conditions for a particular leachate fead composi-
tien. Flash vapotization can be aperated in batch {or semi-
continueus) mode as needed 1o handle varying leachate com-
positions. Startup and shutdown of an evaporation system is
not sabject Lo acclimation or recovery that are key factors for
hiclogical systems, The evaporation system is eonsteained by
problems asseciaced with the handling and disposal of the
concendrate waste stream. These imitations are mastly regu-
latory and nar operational problems,

Fature work on medcling leachate treatment by evapocation
should address integrating models to simalate additiona] tech-
nologies with the flash vaporization model, such as batch d|s-
tillation, Ait stripping, or bislogica] treatment [o mssess
conbined strategies for the removal of VOCs and VOAs. Other
compounds, such e hoavy metals and additional volatile or-
ganie compounds, should be added into the data ank to allow
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a ereatet variety af leachale stream compositions o he Sm.
ulated. A process cconomic evaluation needs to bo performey
{or flash evaporation to detecrtine trade offs botween DpETaring
and capital costs, and for comparing costs for bandling/dis.
posing of the residua)l streams fram leachate evaporation Ptoc.
esses with those from conventional troatment technologies,

Acknowledgment

This study was supperted by Chambers Development Cop
poration, Pittsburgh, PA. This paper was presenied ar the
National Meeting of the American Institute of Chemicni En-
ginters, Symposium on the Separation of Pollutants from .
tute Solution, Seatile, WA, Augnst 15-19, 1993

LITERATURE CITED

b Amsoneil, N., “'Bvaporation of Problematic Lane il
Leachiates,'' Wasger, Luff, wund Berrleb, 29, pp. 63-66
{19851, :

L. Birchler, D. R., M. W, Milke, A. L. Marks, and R. (3,
Luihy, "Landfill Leachate Treatment by Evaparation,™
1o appear, /. Eny. ErgHg., ASCE, Sept/Oct {19943,

1, Doston, ¥, F., and H. 1. Briit, a4 Radically Different
Formulation and Solution of the Single-Stage Flash Prob-
lem,” Comput. Chern, Engng., 2, pp. 100-122 (1978,

4. Bromler, L. A., “Thermodynamic Properties of Strong
Eiectrolytes in Aqueous Solutions,” AJCRE 1., 19, No,
2, pg. 113-320 (1973,

A. Buhler, R., Hofstetter Company, Personal Comumirmnica-
tions, Hindelbank, Switzerland (19913,

B. Cavallotti, P., G. Celeri, and B. Leondardis, " Caiculation
of Multicomponent Multiphase Eguilibeia,’t Chem.
Engrng. Scf., 35, pp. 2287-2304 (15507,

7. Delaware Solid Wasie Authorily, October, “*Request [or
Proposal, Testing, Design, Constroetion, ated Operation
of a Leachate Evaporation/Incineration Faeility at the
Cenrral Selid Waste Management Center, Coniract
DSWA-223,"" Appendix A {1900,

f. Diwekar, U. M., znd K. P. Madhavan, “Ratch-Dist: A
Comprehensive Package for Simulation, Design, Opté-
mizarion and Optimal Conrral of Multicompanents, Mul-
tifraction Bacch Distillation Calumns,'' Comou, Chem,
Engng., 15, No. 12, pp. 883-852 11951,

%. Diwekar, T, M., **An Efficient Design Method for Binary.
Azeotropic, Bateh Distillation Columms," AFCAE 7., 37,
Mo, 10, pp. 1571-1578 (19913,

10. Gmiehling, )., Vapor-Liguid Eguifibrinm Daga Coflection,
Dechema-Schalium International, Flushing, NY (1977}

[, Henley, B, 1., Equilibrium-Stoge Separation Operations
in Chemical Erginesring, Wiley Publishers, New Yark,
(131,

12. Hofsietter, 1., B, Hausherr, W, Wahrli, M. Posnensky,
and M. Bichsel, '"Leachate Treatment: Autoflash-Multis-
lage-Evaporatar, " Haofstetter Company, Hindelbank,
Swirzerland (1991).

13. Kahn, A, H., Desafination Processes amd Midti-stage Flash
Distillation Practice, Elsevier, Now York (1988).

14. Koorad, L., "Process-Techqical Principles of the Evap-
oration of Leachates,"" Ber, Wassorgueiowirtsch. Geswmnd-
feitsingenietrwes., Tech Univ., Muenochen, Bf, pp. 257-
277 (1989).

15. Marquarit, Dn. W., “An Algotithe for Least-Squares Bs
timation of Wonlinear Parametars,” J, Soe, Tndise. App)
Math., 11, No. 2, . 431-441 (1963).

16, Melsane, H. P., C, L. Kusik, end I, W, Tester, * Activity

Environmental Progress (Vol. 13, No. 4

. R

Envire



