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Abstract

Previous studies demonstrated the environmental and economic benefits of treating lead(ll)-contaminated water streams with ferrihydrite i
multiple equilibrium sorption stages. In this work, multistage ferrihydrite sorption systems were evaluated for their effectiveness in reducing
single-solute zinc(ll) (Zn(11)) concentrations in contaminated water streams to very low levels. As for lead(ll) (Pb(ll)), experimental data and
modeling results indicate that a multistage sorption system can significantly reduce Zn(ll) effluent concentrations for the same total amoun
of sorbent or, alternatively, dramatically lower total sorbent consumption for the same effluent Zn(Il) concentration. Compared to Pb(ll),
however, Zn(ll) removal requires on the order of 10 times more sorbent to achieve the same target effluent concentration for the same pH an
number of stages. Model predictions were made using a steady-state, multistage, equilibrium adsorber model that was previously develope
for and integrated into OLI Systems’ Environmental Simulation Program (ESP). The modified triple-layer model was used to simulate Zn(ll)
surface-liquid equilibria within the adsorber model. Engineering screening evaluations again indicate that a 2- to 3-stage sorption proces:
can provide significant economic savings when compared to a 1-stage process operating with the same target effluent Zn(ll) concentratior
Additional equilibrium stages beyond 2 or 3 provide diminishing economic returns. The major economic driver for multiple contacting stages
is reduced capital investment and operating costs for sludge handling, dewatering, and disposal.
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1. Introduction cause of the finite solubility of amorphous metal hydroxide
phases (PbO, Ni(OH) Cd(OH), Zn(OH), etc.) and inef-
Trace metal discharges from industrial manufacturing ficiencies in commercial solid—liquid separation devices [§].
processes are being increasingly scrutinized and regulated 9" the other hand, much lower effluent levels are possible
new, revised, and proposed regulations are pushing metal ef Py tking advantage of the large sorptive capacity of amor-
fluent limits to parts per billion (ppb) and lower levels [1-5]. phous, high-surface-area solids, such as hydrous iron and

Alkaline precipitation has historically been the technology aluminum gxides. , .

of choice for meeting parts per million (ppm) regulatory ,AS prewogsly rgweyved by Dyer et ,al' [7], the sclen-

levels for trace metals (e.g., Pb(ll), Ni(ll), Cd(ll), Zn(II)) tific and engineering literature is qlevoml of experlmer!tal
in direct-discharge wastewater point sources; however, thisand modeling studies demonstrating the use of a high-

technology is limited ta>1 ppm effluent concentrations be- surface-area sorbent, such as ferrihydrite, to treat metals-
contaminated wastewater streams to ppb levels in a mul-

tistage cross-flow or countercurrent-flow reaction system.
* Corresponding author. Previous research by other groups has focused on one-stage
E-mail addressjames.a.dyer@usa.dupont.com (J.A. Dyer). treatment using amorphous metal oxides [8-10] or multi-
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equilibrium-stage treatment in fixed-bed columns using a 2. Methods

granular sorbent that can be regenerated over many cy-

cles [11-15]. More background on these previous studies2.1. Ferrihydrite preparation

can be found in Dyer et al. [7]. The various technologies

for sorbing trace metals onto metal-oxide sorbents each fill  The two-line ferrihydrite was synthesized, washed, and

a niche, and each technology offers its own advantages ancaged for 48 h according to the procedures described in

disadvantages. The niche for multistage sorption onto fer- Trivedi et al. [19].

rihydrite appears to be for the ex situ treatment of conta-

minated wastewater streams in existing or new wastewater2.2. Multistage Zn(ll) sorption experiments

treatment facilities that must comply with ppb regulatory

levels for trace metals. Treatment at the process source, prior  Sorption studies were conducted with preformed ferri-

to dilution with the rest of the manufacturing site’s wastewa- hydrite solids at room temperature in a jlovebox using

ter, will result in a more economical treatment process with Well-mixed 1-l reaction vessels containing a 0.01 M NaNO

less sludge generation and a smaller environmental footprim.background electrolyte solution. All studies were conducted
Dyer et al. [7] showed for lead(ll) (Pb(Il)) that treatment N triplicate at the same time using the same batch of fer-

with a high-surface-area sorbent, such as ferrihydrite, in a rhydrite. Equilibration time was 4 h for each contacting

cross-flow arrangement containing two or more equilibrium St2ge, and pH was controlled at 6.5 using 0.1 M HNID
contacting stages will (i) reduce metal effluent concentra- N@OH.- Zinc was added as Zn(NJ2 using a 1 M stock solu-

tions to much lower levels than can be achieved in one stagelion- All chemicals were ACS reagent grade;, ultrapure water

using an equivalent amount of sorbent; or (ii) reduce total (Micropore SA) was used throughout. Equilibrated ferrihy-
sorbent consumption and disposal for the same target effiy-drite solids were separated from the aqueous phase using a
ent concentration. In theory, then, equilibrium staging can (R;CS ﬁorvfall centrifuge ppet;atlng gt 12,000 rpm for 23 mk'_n'
be used in a cross-flow or countercurrent flow configuration raphite furnace atomic absorption spectroscopy (Perkin—
to optimize the removal of several trace metals and met- Elmer Analyst 800) was usgd to analyze the centr_ates for
alloids whose pH ranges for optimum treatment are much totql soluble Zn(ll). The m.u-|t|sta}ge, cro;s-flow sorp'ugn ex-
different. Experience in the chemical engineering field has pe””.“?“ts were batch equilibration stud!es; the experimental
shown that two to four contacting stages in a cross-flow or gigﬂt'?gsizog et\?v(:)rjsf:S: srgtesgmrsnueg;lzzi 'gal:blleBlesor
countercurrent-flow configuration often provide significant . P . . -stage sy T ot » 29 g
improvement over a single contacting stage in chemical re- of “fresh” ferrihydrite sorbent was first equilibrated with

. . . : o 0.6 mmol of Zn(N dissolved in 1 | of a 0.01 M NaN
action, leaching, and extraction systems, while additional (NG) 9

A b df ften lead to diminishi -background solution (39.23 ppm Zn). After 4 h, the mix-
stages beyond fouror so often lead to diminisning €ConomiC, o \y 54 centrifuged, and the resulting centrate was analyzed
returns [16-18]. A decision on the number of contacting

t ften b ic tradeoff bet the i for residual Zn(ll) in solution. The bulk of the remaining
stages often becomes an economic tradeott between e INgq pyate £0.9 1) was then added to a second 1-I reaction
cremental capital investment for the additional equipment

! : i - vessel, where it was equilibrated again for 4 h with 0/6 g
and the savings in raw material, energy, and waste disposaly¢ «trash" ferrihydrite sorbent. The resulting centrate was
costs. . . analyzed for residual Zn(ll). More background on the exper-
In this study, one-, two-, three-, and four-stage ferrihy- jnantal protocol used in this study can be found in Trivedi
drite sorption systems were evaluated for their effectivenessg; o [20]. A N, atmosphere was chosen to be consistent

in reducing single-solute zinc(1l) (Zn(I1)) concentrations 1o yjith the macroscopic and spectroscopic studies reported in
very low levels in contaminated water streams. The objec- g companion paper [20].

tives of the research were threefold. First, to demonstrate for

another trace metal how a multistage sorption process cam 3. Chemical equilibrium modeling software

significantly reduce trace metal effluent concentrations for

the same total amount of sorbent or, alternatively, dramat-  The OLI Software (OLI Systems Inc., Morris Plains, NJ)
ically lower total sorbent consumption for the same metal \yas used to perform the multistage, steady-state simulations.
effluent concentration. Second, to develop and validate apetails on the thermodynamic databank and framework, the
steady-state, multistage adsorber model for treating a Zn(ll)- equation solvers, and the SCMs used in the OLI Software
contaminated water stream to parts per billion levels, and in are presented in Dyer et al. [21]. More specifically, the En-
the process, demonstrate the integration of a surface com-ironmental Simulation Program (ESP) was used for this
plexation model (SCM), such as the modified triple-layer study, because it is designed for steady-state simulation of
model (TLM), into a steady-state equilibrium process flow vapor, liquid, and solid interphase and intraphase equilibria
sheet simulator to predict metals removal efficiency and sor- occurring within multistage chemical process flow sheets.
bent requirements. Third, to conduct engineering screeningThe modified TLM (as developed by Davis et al. [22] and
evaluations to verify the economic drivers for equilibrium Davis and Leckie [23], later modified by Hayes and Leckie
staging. [24,25], and finally extended by Sverjensky and Sahai [26])
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Table 1
Definition of and results for Zn(ll)/ferrinydrite (fh) multistage sorption case stddies
Case Stage g of fth Stg. 1 Zn(ll) Zn(ll) effluent 95% CI Zn(Il) Zn(ll) effluent 95% CI Zn(Il)
in each stage feed concn. (ppm) meastired effluent measuréd model effluent modél
1A 1 10 3923 12 ppm 11-13 ppm 14 ppm Q73-26 ppm
1B 1 05 3923 34 ppm 32-35 ppm 32 ppm 18-59 ppm
2 05 1086 ppb 102-117 ppb 188 ppb 55-426 ppb
2A 1 5.12 163 83 ppb 78-90 ppb 96 ppb 51-186 ppb
2B 1 034 163 11Q7 ppb 106-114 ppb 136 ppb 76—249 ppb
2 0.34 7.1 ppb 69-7.4 ppb 112 ppb 34-249 ppb
2C 1 Q15 163 3014 ppb 293-309 ppb 283 ppb 169-491 ppb
2 0.15 503 ppb 494-510 ppb 481 ppb 178-97.1 ppb
3 0.15 7.3 ppb 70-7.4 ppb 81 ppb 16-185 ppb
3A 1 0.4 16.35 12 ppm 11-12 ppm 14 ppm Q76-25 ppm
3B 1 02 16.35 34 ppm 339-341 ppm 29 ppm 18-49 ppm
2 0.2 4131 ppb 408-418 ppb 402 ppb 140-848 ppb
3C 1 01 16.35 62 ppm 61-63 ppm 59 ppm 42-84 ppm
2 01 18 ppm 17-18 ppm 16 ppm 08-29 ppm
3 0.1 4254 ppb 422-430 ppb 398 ppb 111-808 ppb
4 0.1 823 ppb 817-834 ppb 924 ppb 19-210 ppb

a All experiments were conducted at room temperature irpalbvebox using a 0.01 M NaNgbackground electrolyte solution. The pH in each stage
was controlled at 6.5 using 0.1 M HNGr NaOH.

b Mean of triplicate studies.

C See Dyer [34] for more details on how the 95% confidence intervals (CI) were generated. Cl for the measured values reflect “same-batch” variation
displayed by the triplicate studies. Cl for the model values reflect “between-batch” uncertainties in input parameters (i.e., pH, Zn(ll)jiéeaiytiaNQ
feed concentrations, and mass®) as well as uncertainties in the thermodynamic parameters (i.e., surface complékatitures).

Fresh HFO

was utilized in this work, having provided best fits of the Fresh HFO
Zn(Il)/ferrihydrite isotherm and pH edge data presented and Sturry _
analyzed in Trivedi et al. [20] and Dyer et al. [27]. The exper- 3 S ) Stage 2
imental data and TLM calibrations presented in this previous ~ WW Feed | SR Effluent

work cover the pH range 4.0-8.0. | Stage 1
"&,’ Effluent
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2.4. Surface complexation models

Stage 2
Solids
Over the years, a variety of SCMs have been developed
and utilized for predicting trace metal sorption onto mineral @
oxides. These include the nonelectrostatic model (NEM),
the constant capacitance model (CCM), the diffuse-layer Stage 1 Stage 2 Fresh HFO

Y Solids Slurry

Solids ¢

model (DLM), the generalized two-layer model (GTLM),
and the modified TLM. SCMs attempt to explicitly account
for the reaction processes occurring at the solid—water inter-

face; they assume that metal ions form complexes with sur-  Ww Feed \ Stage 1 ——~ Stage 2
face functional groups in a manner similar to metal-ligand Effluent Effluent
complexation reactions in solution [28]. They are thermo- ®)

dynamic models that differ in their physical descriptions of Fig. 1. schematic flow diagrams for two-stage cross-flow (a) and counter-

the solid—water interfacial region (i.e., the location of sorbed current-flow (b) sorption systems.

species with respect to the surface as well as the description

of surface charge—potential relationships across the interfa-

cial region) and in their assumptions regarding the number Figs. 1a and 1b, respectively. In a cross-flow system, fresh

of site types and the structure and composition of the sorbedsorbent is added to each reaction vessel or stage, equi-
species. More background on SCMs can be found in Hayeslibrated with the contaminated wastewater, and then re-

and Katz [28]. moved for dewatering and disposal. This contrasts with a
true countercurrent-flow system (Fig. 1b), where fresh sor-
2.5. Modeling protocol bent is added to the final sorption stage, and partially spent

sorbent is subsequently reused in the upstream stages (i.e.,
Examples of two-stage cross-flow and two-stage counter-the flow of sorbent is countercurrent to the flow of waste-
current-flow sorption systems for treating a metals-con- water). A true countercurrent-flow system represents the
taminated wastewater stream are shown schematically inminimum-sorbent-consumption case for a specified metals
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effluent concentration. For solids handling reasons, a cross-efficiency of the solid—liquid separation was also specified
flow arrangement will probably be more practical for amor- in this block. An acid/base manipulator block and a pH con-
phous materials, such as ferrihydrite, in most industrial sit- troller were linked to each separator block to regulate the
uations. In addition, to simplify the process, most full-scale flow of mineral acid or base to each reaction vessel, so as to
industrial systems would likely be operated in a coprecip- control pH at 6.5. The sensitivity block was used to perform
itation mode, rather than a sorption (onto preformed floc) multiple-case runs. The TLM functioned within all blocks
mode as shown in Fig. 1. Operation in a coprecipitation containing sorbing solids. An example of a block flow di-
mode would likely lead to lower Zn(ll) effluent concentra- agram for a two-stage ESP cross-flow sorption model is
tions and sorbent requirements; however, the benefits of ashown in Fig. 2.
staged process will be seen in either case. Finally, the experi- The TLM parameters used in this work are summarized
mental and modeling studies in this work are based on Zn(ll) in Table 2. The TLM parameters, along with the corre-
sorption onto preformed ferrihydrite at chemical equilibrium sponding mass law expressions and Zn(ll) surface speciation
in order to utilize the TLM results from Dyer et al. [27]. assumptions, were obtained from Dyer et al. [27]. These
This means that the kinetics of ferrihydrite particle forma- assumptions and parameters are valid over the pH range
tion and zinc sorption onto ferrihydrite are not included in 5.5-7.5 as noted in the table. The choice of a bidentate sur-
the process model. Liquid holdup times in typical industrial face complex is based on spectroscopic data reported and
reactor/clarifiers used to conduct multistage sorption, how- analyzed previously [20,27]. Benjamin [29] discusses sev-
ever, will be on the order of 2—-4 h. As reported in Trivedi et eral approaches for estimating the concentration of available
al. [20], batch studies were performed initially to determine bidentate surface sites for use in equilibrium mass law ex-
the kinetics of Zn(ll) sorption onto the external surfaces of pressions for bidentate species. To be consistent with the
ferrihydrite particles as a function of pH using the same thermodynamic framework for the modified TLM in the OLI
boundary conditions employed in the constant-pH isotherm Software [27,34], the bidentate sites were assumed to be
studies. The kinetic studies found that substantial change innonoverlapping and the number of available bidentate sites
sorption did not occur after 1-2 h; therefore, a contact time was assumed to be proportional to the number of monoden-
of 4 h was more than adequate for equilibration of Zn(ll) tate sites to the first power. These assumptions provided ex-
with the external surface as well as with the macropore walls cellent fits of the constant-pH isotherm data as reported in
of the ferrihydrite particles. As a result, model predictions Dyer et al. [27]. ESP simulations were made for each of the
based on equilibrium sorption onto preformed ferrihydrite cases listed in Table 1. The objective was to compare model
floc will most probably be conservative for environmental predictions based on the single-solute Zn(lIl) sorption data
compliance purposes. reported in Trivedi et al. [20] to the results of the bench-scale
Steady-state process flow sheets were constructed in ESPnultistage experiments. In theory, the results should not be
using the appropriate combination of unit operations (sep- statistically different when taking into account experimental
arator, pH controller, acid/base manipulator, and sensitivity and model uncertainties. In addition, generalized sensitivity
blocks) and feed/effluent streams (wastewater feed, sorbenstudies were conducted over the pH range 5.5-7.5 to under-
feed, NaOH feed, stage 1 effluent, stage 1 solids, etc.). Sepstand the impact of pH, Zn(ll) feed concentration, number
arator blocks served as the isothermal reaction vessels. Thef stages, perfect versus imperfect solid—liquid separations,

HNO3/NaOH HNO;/NaOH
Supply #1 Supply #2

r""“""'l Fm==========
' pH i HNOy/NaOH HNOy/NaOH ' pH
! Controller r----- Manipulator Manipulator [----- ! Controller ,
! #1 i #1 #2 ! #2 i
_____ - m e ni L oiqemmmi
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Fig. 2. Block flow diagram for a two-stage ESP cross-flow sorption model.
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Table 2 work (i.e., description of the physical facilities required to
Triple-layer model parameters used in ESP simulafions build the process) were developed, and operating require-
Parameter Value ments were defined (annual requirements for 50 wt% NaOH,
Zn(ll) surface species =FeOpZn 30 wt% FeC4, electricity, sludge disposal, etc.). On the ba-
Ny for HT (mol/mol) 1.2 sis of the facility scopes of work, capital investment was then
N for Zn* (mol/mol) 03,065 12 estimated for each case using a factored research guidance
A (/) (pH 5-2'02'5' 7.5) appraisal technique that is widely used within the chemical
C; (faradaym?) 0.6 industry. Fl!’]ally, Wlt.h estimates for new capital mvestment
C, (faradaym?) 02 and operating requirements, a '10—y cash flow analysis was
log KNt s completed for each case to estimate annual cash operating

nt cost and net present cost at both a 12% and a 25% discount
log K, —-1041 .

; rate. Net present cost (NPC) was the economic measure of
'OgK;unég —7.46 merit used to rank alternatives, because it incorporates the
log K:\T;ﬁ 8.48 effects of both new capital investment and ongoing cash op-
log Ki(ntheO)ZZn at 1 g of solidgI® 4.95,7.15, 9.52 erating costs over the life of the facility. A discount rate of

(PH 5.5, 6.5, 7.5) 25% was chosen to rank the alternatives, because it better re-
Vs Vs = Vzn2+ flects the opportunity cost of capital in situations where the

a Refer to Tables 1 and 2 in Dyer et al. [27] for details on the chemical SUPPIy of capital dollars is limited and other viable projects
reactions and mass law expressions corresponding to each of the equilib-are competing for the same dollars (which is almost always
rium constants given above. Definitions for each of the parameters can alsothe case in the chemical industry).
bebfoundt)'f:ijer etal. [27). i i real N The major assumptions used in the engineering evalua-

For bidentate surface complexas,™ is really a conditionalk that tions are summarized in Table 3. Bare equipment, raw ma-
depends on sorbent solids concentration. The valu&fan this table is ial ili . .
based on 1 g of ferrihydri¢. See Table 2 in Dyer et al. [21,27] for addi- te”_a , uti 'tY' and waste disposal costs were obtained fr(.)m
tional explanation. various reliable sources ([30—33] and personal communica-

tion with DuPont Sourcing Dept.). A process flow diagram
and cross-flow versus countercurrent-flow arrangement onfOr @ two-stage, cross-flow, coprecipitation process is shown

the predicted Zn(ll) effluent concentration at a fixed sorbent in Fig. 3. A slightly to moderately anionic polyacrylamide
dose and the predicted sorbent requirement at a Speciﬁedamulsmn polymer is added to the clarifier to improve solid—

Zn(l1) effluent concentration. liquid separation. A complete set of process flow diagrams,
facility scopes of work, operating requirements, factored in-
2.6. Engineering evaluations vestment estimates, and 10-year cash flow analyses can be

found in Dyer [34]. In addition, the supporting information
Preliminary engineering screening evaluatioas30% provided by Dyer et al. [7] contains a similar set of engineer-
accuracy) were completed for each of the cases in Table 1ing evaluation results for Pb(ll) sorption onto ferrihydrite.
to assess the relative economic incentive/penalty for addi-
tional equilibrium sorption stages. The volumetric flowrate
of contaminated wastewater was assumed to be 6:3 Is 3. Resultsand discussion
(100 gal mirr1). There are two key differences between the
treatment process assumed in the engineering evaluation$.1. Multistage sorption case studies
and that used in the experimental and modeling studies—use
of FeCk, rather than Fe(Ng),, and operation in a coprecip- Experimental data (Zn(ll) Effluent Measured) and ESP
itation mode, rather than a sorption mode. Investment, costs,modeling results (Zn(ll) Effluent Model) for the multistage
and economics in this manuscript can be safely used for asorption case studies are summarized in Table 1. Experimen-
relative ranking of the multistage process alternatives; how- tal data are the arithmetic average of the effluent Zn(ll) con-
ever, they should not be used on an absolute basis to compareentrations measured in the three replicate studies for each
to costs for other technologies, such as ion exchange and alstage of each case. Model data are ESP predictions based
kaline precipitation, that are published in other sources. In on the modified TLM and the parameters summarized in Ta-
other words, alternative technologies should be compared toble 2. To better assess the agreement between the measured
each other by the same evaluator on the same basis using thand the model data, 95% confidence intervals (CI) were gen-
same estimation techniques and assumptions. erated for each data point and are reported in Table 1. De-
The evaluations are based on the 10-step engineeringtails on the statistical tools, methodology, and uncertainty
evaluations methodology outlined in detail in Mulholland assumptions used to calculate the 95% CI are described in
and Dyer [30]. For each case, a process flow diagram wasDyer [34].
developed, showing the necessary equipment pieces (pumps, Briefly, confidence intervals for the measured values re-
tanks, clarifiers, filter presses, etc.) and process interconnecflect the variation in or, more specifically, tiepeatability
tions. From the process flow diagrams, facility scopes of of the three replicate studies for each stage of each case.
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Table 3
Major assumptions and bases used in engineering evaluations
Assumption/basis Value Assumption/basis Value
Raw Material Costs Cash Flow Analysis
30% FeCh $0.33kg? Plant utility 90%
50% NaOH $0.33g? Escalation rate 2.5%lyr
Emulsion polymer $3.3kg? Years of operation 10yr
Filter aid $0.36kg? Income tax rate 40%
Filter cloth $1.O(}m2 Creep investment 1.5%
Filtered water $0.04m3 NP discount rates 12% and 25%
Hazardous waste landfill disposal $0/k§ wet sludge Depreciation (6-year) 20%, 32%, 19%, 12%, 12%, 5%
Electricity $0.043kWh A Working capital 60 days cash costs
Other Cash Costs Capital Investment Factors
General plant overheads 0.5% replacement-#24% Misc. equipment/foundations, 5%/7%
salaries, wages, and benefits supports, platforms
Maintenance 4% replacement inv. Field material, labor, insulation 17%
Property taxes and insurance 0.75% replacement inv. Piping/instrument/electrical 45%/16%/11%
Operations (round-the-clock shift coverage) $430/000 Minor changes/working conditions 2%/10%
Technical exempt $160,009r PG&S/D&RY 10%
Startup/project liaison 10%/2% new inv. Contingencies 25%
MCC/ICR/ECF 6%
Freight/QA/sales tax/procurement 11%
Engineering and home 20%/8%

office/field indirects

2 100% basis.

b Net present cost.

¢ Power, general, and service facilities.

d Dismantlement and rearrangement.

€ Motor control center/instrument control center/electrical control center.

(One per Clarifier)

50% NaOH
Storage Emulsion
Tank Polymer Feed
SR O I - 7 system
NaOH Metering g ! ?'.t Polymer Feed
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Solids
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F
Feed Strate: Pump U Dumpsters Filter Aid
Feed Pump

Fig. 3. Process flow diagram for a two-stage cross-flow ferrihydrite coprecipitation process used in the engineering evaluations.

Hence, the confidence intervals account for “within-the- day. These include analytical equipment, sample collection,
same-batch” uncertainties in analytical/experimental proce- sample handling, and sample processing errors as well as
dures and equipment for the same operator conducting ex-errors in pH calibration/control, reagent doses, etc. The Re-
periments with the same batch of ferrihydrite on the same sampling Stats for Windows software (Resampling Stats,
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Inc., Arlington, Virginia) was used to estimate the 95% CI by the input uncertainty in Iogi(”EtFeo)ZZn (i.e., 60-70%
for the measured values. This software uses a bootstrapof the output coefficient of variation squared). The balance
procedure [35,36] to randomly generatéth replacement was split between input uncertainties in pH and total fer-
N new samples of size directly from the original sample.  rihydrite concentration. The importance of total ferrihydrite
The number of new sampled/] is usually set at 10,000 or  concentration relative to pH increased as Zn(ll) surface load-
more, while the sample size), in this case, was 3. For this  ing increased. On the other hand, the output uncertainty
study, N was set equal to 10,000. The bootstrap procedurein Znyq from the second and subsequent stages was domi-
effectively creates a hypothetical “infinite” population that nated by the input uncertainty in total Zn(ll) feed concen-
represents one’s best guess about the real population. tration (i.e., 45-75% of the output coefficient of variation
The 95% ClI for the ESP model predictions, on the other squared). The balance was mainly due to input uncertain-
hand, attempt to account for “between-batch” uncertainties ties in logk '("Et,:eo)zz”, followed by pH and total ferrihydrite
in the model input parameters (i.e., pH, Zn(ll) feed con- concentration. Due to error propagation downstream, the
centration, ferrihydrite dose, NaN@oncentration, and the  dominance of total Zn(ll) feed concentration increased with
mass of HO) as well as uncertainties in the regressed ther- stage number. Quantitative uncertainty analysis results for
modynamic parameters (i.e., surface complexation equilib- the multistage cross-flow sorption case studies are summa-
rium constants). Examples of between-batch uncertaintiesrized in Table 4. The results in Table 4 are based on the same
include differences in sorbent properties, reagent concentra-input/thermodynamic parameter uncertainty assumptions re-
tions, and pH measurement equipment as compared to theorted in Dyer [34] for Zn(ll) and Pb(ll).
original isotherm and edge studies used to determine the
best-fit model parameters. Hence, the confidence intervals3.2. Generalized multistage sensitivity studies
attempt to reflect the reproducibility of Zn(ll)/ferrihydrite
sorption studies on different days using different batches of ~ Figure 4 shows the effects of influent Zn(ll) concentra-
ferrinydrite/reagents as well as the quality of the model fits tion, pH, and number of equilibrium stages on the predicted
of the acid—base titration and Zn(ll) sorption data used to es- effluent Zn(Il) concentration from a multistage cross-flow
timate the thermodynamic parameters in the first place. As adsorber operating with a total ferrihydrite dose of A, g
detailed in Dyer [34], the OLI Software’s error analysis tool equally split across the stages (i.e.,/1ip a one-stage sys-
was first used to propagate input and thermodynamic para-tem vs 0.5 ¢l in each stage of a two-stage system). Figure 4a
meter uncertainties through the multistage sorption model, assumes perfect solid—liquid separations, while Fig. 4b high-
yielding local extrapolation models that approximated the lights the impact of 20 ppm suspended solids in the clar-
value of each output parameter of interest (i.e., effluent ified effluent and 30 wt% solids in the settled iron sludge
Zn(ll) concentration and Zn(ll) surface loading). Monte on effluent Zn(ll) levels at pH 6.5. In both scenarios, the
Carlo simulations § = 10,000) of the OLI-generated local combined impact of pH and humber of stages on Zn(ll) re-
extrapolation models were then conducted with the Resam-moval is significant. For example, as shown in Fig. 4a, a
pling Stats software to estimate the 95% CI for the model 10 ppm Zn(ll)-containing water stream can be treated to only
predictions. 300 ppb Zn(ll) using a one-stage adsorber at pH 6.5; how-
In principle, the greater the overlap of the confidence in- ever, the addition of a second and third stage at the same
tervals for the measured and model values, the higher thepH will reduce the effluent Zn(ll) concentration to approxi-
probability that the two values are the same. That is, one mately 35 and 7 ppb, respectively. On the other hand, raising
cannot say with confidence that the model and the measuredhe pH from 6.5 to 7.5 at a constant number of stages will
values are statistically different. On the basis of the 95% CI lower the effluent Zn(ll) concentration from 300 ppb to only
reported in Table 1 (i.e., when model and experimental un- 200 ppb for a one-stage process and from 35 ppb to only
certainties are taken into account), the agreement betweer20 ppb for a two-stage process. In this case, the beneficial
the model-predicted and measured effluent Zn(ll) concen-impact of adding equilibrium stages is more significant than
trations is excellent. In all cases, there is significant over- the impact of raising the pH from 6.5 to 7.5. The benefit re-
lap of the 95% CI. More rigorous hypothesis testing using alized from adding a second stage is most significant at low
Resampling Stats indicated that the difference between thezn(ll) feed concentrations and at pH 6.5 and 7.5, where sorp-
measured and the model values was not statistically signifi-tion of Zn(ll) is highly favored. For pH 6.5 and 7.5, adding
cant (P < 0.05) in any cases. On the basis of these results, a second stage lowers the effluent Zn(Il) concentration 4- to
the ESP model does a satisfactory job of predicting the ex- 15-fold for a Zn(ll) feed concentration of 100 ppm or less.
pected Zn(ll) removal efficiency in a multistage operation.  This is substantially lower than the 30- to 100-fold reduc-
Another useful product of the error analysis tool in tion realized for Pb(ll) at pH 5.5 and 6.5 [7]. The dimin-
the OLI Software is a quantitative analysis of which in- ishing impact of additional equilibrium stages at high Zn(ll)
put/thermodynamic parameter uncertainties dominate thefeed concentrations(100 ppm) is the result of operating
uncertainty in the output variables [34]. In all cases, the closer to site saturation (i.e., the systems are closer to be-
output uncertainty in effluent Zn(ll) concentration ¢n ing sorbent-limited). The results above are to be contrasted
from the first equilibrium sorption stage was dominated with a cocurrent contacting arrangement, where the sorbent
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Table 4
Input/thermodynamic parameters dominating output uncertainty g gxpm) for multistage sorption case studies (pH 6.5, 0.01 M NgNO
Case Stage Zn outlet Surface loading Fraction of output Q:Qmared for Zgg
conen. (ppnf (mol Zn/mol Fe) Total Zn Total ferrihydrite pH log '(”E‘Feo)ZZn
1A 1 138 00514 - 0.10 0.14 0.74
1B 1 321 00979 - 0.15 0.13 0.70
2 0.189 Q0082 0.51 0.04 0.07 0.38
2A 1 0.0096 43E-04 - 0.08 0.15 0.77
2B 1 0136 Q006 - 0.08 0.15 0.77
2 0.011 50E-04 0.50 0.04 0.07 0.39
2C 1 Q284 Q012 0.08 0.14 0.76
2 0.048 00021 0.50 0.04 0.07 0.39
3 0.008 36E-04 0.67 0.02 0.05 0.26
3A 1 136 005 - 0.10 0.14 0.74
3B 1 29 0.091 - 0.14 0.13 0.71
2 0.402 Q017 0.49 0.04 0.07 0.39
3C 1 589 0142 0.02 0.21 0.12 0.63
2 161 0058 0.45 0.06 0.08 0.41
3 0.392 Q0166 0.63 0.03 0.05 0.28
4 0.092 Q0041 0.73 0.02 0.04 0.21
@ ESP model prediction.
b Coefficient of variation.
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Fig. 4. Impact of influent Zn(Il) concentration, pH, and number of equilibrium stages on the effluent Zn(ll) concentration in one- and two-stége cross-
adsorbers operating with a fixed total ferrihydrite dose of (3 g/l equally split between stages in two-stage system). In (a), perfect solid—liquid separations
are assumed. In (b), the impact of imperfect solid-liquid separations (20 ppm suspended solids in clarified effluent and 30 wt% solids in thegstibed slu
Zn(ll) removal at pH 6.5 is shown. Model predictions are based on the modified TLM using a 0.01 MaN=dkyround electrolyte solution and parameters
summarized in Table 2.

and contaminated wastewater are flowing in the same direc-the benefit gained by adding a second equilibrium stage is
tion. In this case, additional removal of zinc would occur diminished as solids carryover increases. Consider the same
only if the pH is changed, the sorption reactions are reac- 10-ppm Zn(ll)-containing water stream discussed above for
tion rate limited, and/or the availability of sorption sites is Fig. 4a. On the basis of Fig. 4b, the predicted effluent Zn(ll)
limited. In a cross-flow design, on the other hand, the fresh concentration for a two-stage adsorber operating at pH 6.5
sorbent added to each stage will lower the trace metal(s)is about 95 ppb (instead of 35 ppb) when more realistic
concentration to a new point on the equilibrium curve (i.e., solid-liquid separation efficiencies are assumed (20 ppm
the constant-pH isotherm). This occurs even if the pH is the suspended solids in the clarified effluent and 30 wt% solids
same, the process reaches equilibrium, and the sorption sitein the settled iron sludge).
are in excess. Similarly, Figs. 5a and 5b display the impacts of influent
The impact of solids carryover in the clarified effluentis Zn(ll) concentration, pH, and number of equilibrium stages
to reduce Zn(ll) removal efficiency. As shown in Fig. 4b, on the total required ferrihydrite dose in multistage cross-
predicted effluent Zn(ll) concentrations at pH 6.5 increase flow Zn(ll) adsorbers operating with a fixed effluent Zn(I1)
by 1.5- to 4-fold compared to the model predictions based concentration of 1 ppb. Figure 5a assumes perfect solid—
on perfect solid—liquid separations. As might be expected, liquid separations; Fig. 5b highlights the impact of 20 ppm
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Zn Influent Concentration (ppm) discussed above for Fig. 5a, the required total ferrihydrite

_ , , ~ dose for a two-stage adsorber operating at pH 6.5 is about
F_:lg_. 5. Impact of influent Zr_l(ll) c_oncentratlon,. pH,_ and number of equi- 10 g/l (instead of 6 gl) when more realistic solid—liquid
librium stages on total ferrihydrite consumption in one- and two-stage . . .
cross-flow adsorbers operating with a fixed effluent Zn(ll) concentration of separation efficiencies are assumed.

1 ppb. Ferrihydrite is equally split between stages in the two-stage system. ~ Finally, Fig. 6 shows the impact of number of equilib-
In (a), perfect solid-liquid separations are assumed. In (b), the impact of rium stages on total ferrihydrite dose as a function of Zn(ll)
fluent anc 30 w54 ol n e sete s1xdge) on feriycrie consumption |0 concentration for both cross-flow (Fig. 1) and true
o : .
at pH 6.5 is shown. Model predictions are bgsed on the r)1/”|odified TLM Ssing Countercurrer!t-flow (Fig. 1b) arrangements.' Figure 6 'as-
2 0.01 M NaNG background electrolyte solution and parameters summa- SUMes operation at pH 6.5, 10 ppb Zn(l) total in the clarified
tized in Table 2. effluent, 20 ppm suspended solids carryover, and 30 wt%
solids in the iron sludge. It is apparent from Fig. 6 that the
benefits of staging diminish as the number of equilibrium
suspended solids in the clarified effluent and 30 wt% solids stages increases. By three to four stages, the dose curves
in the settled iron sludge on effluent Zn(ll) concentration at pegin to level out. This agrees with the results for multi-
pH 6.5. As in Fig. 4, the combined impact of pH and num-  stage Pb(ll) sorption as well [7]. Figure 6 also highlights the
ber of stages on Zn(ll) removal efficiency is significant. For ferrihydrite consumption penalty realized by operating in a
example, as shown in Fig. 5a, total ferrihydrite consumption cross-flow arrangement instead of a true countercurrent-flow
for the same hypothetical 10-ppm Zn(lIl)-containing water arrangement. As was the case for Pb(ll), total ferrihydrite
stream can be reduced fronB00 ¢/l using a one-stage ad- doses are 2—4 times higher for the cross-flow arrangement
sorber at pH 6.5 to~6 g/l using a two-stage adsorber at for two or more equilibrium stages.
pH 6.5. Further reductions in ferrihydrite consumption can
be achieved by raising the pH in a two-stage adsorber to 7.53.3. Economic benefits of staging
(~4 g/1) or, alternatively, by adding a third stage at pH 6.5
(~2 g/I). In this case, the beneficial impact of adding a Table 5 presents the results of engineering evaluations for
second stage is most significant at higher Zn(lIl) feed con- the multistage sorption case studies summarized in Table 1,
centrations and is uniform with pH. An approximately two- assuming a volumetric wastewater flow rate of 6.34.s
orders-of-magnitude reduction in ferrihydrite dose was also A key principle of engineering evaluations is that process
seen for Pb(Il) in moving from a one-stage system at pH 5.5 flow sheets and scopes of work should be based on equiva-
to a two-stage system at pH 6.5 [7]. lent outcomes (i.e., the same effluent Zn(ll) concentration)
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Table 5

Engineering evaluation results for multistage sorption case studies (6'3lbsvrate)

Case Stage g of Zn(ll) feed 2002 invest- 2004 cash operating 2002 RPC 2002 NPC

in each stade concn. (ppm) ment ($1000) cost ($1096) at 12% ($1000) at 25% ($1000)

1A 1 10 3923 2,300 690 4800 3,100
1B 2 05 3923 2,800 760 500 3,600
2A 1 512 163 4,300 2360 13500 7,900
2B 2 034 163 2,600 600 400 3,100
2C 3 Q15 163 2,900 580 4800 3,300
3A 1 04 16.35 1,900 420 300 2,200
3B 2 02 1635 2,400 490 MH00 2,700
3C 4 Q1 16.35 3,300 620 300 3,600

a Ferrihydrite.

b Total ferrinydrite consumption equals the ferrihydrite dose in each stage times the number of stages (e.qg., for case 3C, total ferrihydritercamsumpt
0.1 g/l x 4 stages= 0.4 g/l total).

¢ Net present cost.

in order to fairly compare alternatives. Case studies 2A—2C the same total ferrihydrite dose results in an order of mag-
adhere to this principle, having been designed to achievenitude reduction in effluent Zn(ll) concentration. For case
an effluent Zn(Il) concentration o+~10 ppb from the fi- study 3, each incremental stage provides a 4- to 8-fold re-
nal stage. For this reason, NRg; values for each of these  duction in effluent Zn(ll) concentration on the basis of the
cases can be compared to choose the most cost-effectivexperimental data reported in Table 1.
alternative(s). In other words, they can provide insight on
the economic benefit of additional equilibrium stages. Case
studies 1 and 3, on the other hand, are not based on equiv4. Summary
alent outcomes (i.e., the effluent Zn(Il) concentration varies
between alternatives). However, they do provide valuable in-  Chemical equilibrium modeling is an important engi-
sights on the incremental investment and net present costeering tool because it enables one to predict the removal
associated with adding equilibrium stages to lower the ef- of contaminants, such as zZn(ll) and Pb(ll), from aqueous
fluent Zn(ll) concentration at a fixed total ferrihydrite dose. streams under different environmental conditions and at dif-
The results for case studies 2A-2C in Table 5 clearly ferent sorbent concentrations. More importantly, the mod-
show that the addition of a second equilibrium stage makeseling approach used in this research is consistent with the
economic sense (NPgy, of $3,100,000 for two stages ver- macroscopic and spectroscopic findings for these closed sys-
sus $7,900,000 for one stage). The additional investment andtems that have been discussed in detail in Trivedi et al. [20].
ongoing operating costs associated with handling, dewater-Similar results would be expected in systems open to the at-
ing, and disposing of an order of magnitude more iron sludge mosphere. As regulated trace metal concentrations in water
(5.12 g/l total for case 2A vs 0.68 A total (0.34 g/l per discharges are pushed to parts per billion and lower levels,
stagex 2 stages) for case 2B) are substantial. On the other multistage contacting schemes will likely provide substan-
hand, the addition of a third stage just about breaks evential economic benefits when sorption onto or coprecipitation
(NPCs¢ of $3,300,000 for three stages versus $3,100,000 with amorphous materials, such as ferrihydrite, is being con-
for two stages); therefore, the additional operational com- sidered. The results of this research have confirmed that:
plexity associated with three stages versus two is probably
not justified. In this case, the reduction in sludge from case 1. A multistage sorption process can significantly reduce

2B to case 2C is only about 33% (0.6 ¢ptal for case 2B trace metal effluent concentrations for the same total
vs 0.45 gl total (0.15 g/l per stagex 3 stages) for case 2C). amount of sorbent or, alternatively, dramatically lower
The use of four or more stages would almost certainly re- total sorbent consumption for the same metal efflu-
sult in an NPGse, > $3,300,000. Very similar results were ent concentration. For a fixed total ferrihydrite dose at
obtained for the multistage Pb(ll) sorption studies [7]. pH 6.5 and 7.5, adding a second equilibrium stage will
The results for case studies 1 and 3 indicate that the incre-  lower the effluent Zn(ll) concentration by 4- to 15-fold
mental investment and NB&3, for moving to a multistage for a Zn(ll) feed concentration of 100 ppm or less. Sim-

operation are both on the order of $450,000-$500,000 per ilarly, adding a second equilibrium stage at a fixed pH
added stage. This compares to one-stage (i.e., base case) will reduce the total ferrihydrite dose by as much as two
NP G509, values of $3,100,000 and $2,200,000 for case stud- orders of magnitude for the same target effluent Zn(ll)
ies 1A and 3A, respectively. In other words, the incremental concentration.

NP G5, for an additional stage is approximately 15-20% of 2. A 2- to 3-stage sorption process can provide substan-
the base-case NB6. For case study 1, a second stage at tial capital investment and operating cost savings when
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