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Abstract

A four-step ion exchange process for chromic acid recovery from waste acid solution was proposed in the present work. Strong acid
anionic (OH-type) ion exchange resin was used in the first step to capture chromic g€igHwhich was converted to sodium chromate
(NapCr0Oy) by sodium hydroxide (NaOH) solution in the second step. Sodium chromate was converted back to chromic acid using strong
base cationic (H-type) ion exchange resin in the third step and in the fourth step, the exhausted ion exchange resin was regenerated by
hydrochloric acid (HCI) solutions. Batch and column experimental tests were conducted to provide data for theoretical modeling and to
verify the system performance of the recovery process. Results of batch equilibrium tests indicated that Freundlich isotherm describes
well both chromic acid and sodium chromate adsorption equilibrium. A theoretical column model adopted in this work was found to
describe well the ion exchange breakthrough characteristics. The four-step process was proved to be efficient and was capable of providing
continuous chromic acid recovery operation.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction avalent chromium (&) by sodium sulfite (NgSQs) to
trivalent form (CE+). The trivalent chromium is in turn con-
Chromic acid (HCrQy) is widely employed in many in-  verted under alkaline condition to Cr(Ofyvhich precipi-
dustries for plating, leather tanning, electrolytic stripping tates out of the aqueous solution. Such a process is not easy
of copper, anodizing of aluminum, passivation of cadmium, to operate and generates a significant amount of toxic sludge
magnesium and zinf1,2]. In more recent development in  that entails careful further disposal. Alternatively, ion ex-
the printed circuit board manufacturing, strong chromic acid change arn adsorption are becoming a popular method that
is used as an oxidant in the desmearing operation. In thesehas received much attention in recent years. DikEi8{,
industries, a large quantity of waste chromic acid solution is Santiago et al[14], Khan et al.[15], Sharma and Forster
commonly generated. The public concerns about this waste[16], Zhao et al.[17] and Hamadi et al[18] were inves-
acid solution stem from the fact that the chromium in the tigators studying chromium removal by ion exchange and
aqueous solution can be readily adsorbed by marine animalsvarious adsorbents. The previous investigations focused pri-
and directly enter the human food chains, thus, presentingmarily on reducing the chromium content in the waste acid
a high health risk to consumef&—4]. Hence, the waste  solution to the discharge standard. In fact, the chromic acid
chromic acid solution has been strictly regulated by the gov- in the waste solution, if properly dealt with, can be recov-
ernment. It must be properly treated before it is allowed for ered as a raw material and recycled back to the electroplat-
direct discharge to natural water streams. ing and other industrial processes for reuse. Relatively little
During the past several decades, many physicochemicalattention has been paid to this aspect in the past.
methods have been developed for chromium removal from The objective of the present study is to address this issue
waste chromium acid solution. These methods include chem-by employing a four-step ion exchange process in recover-
ical coagulation, adsorption, extraction, ion exchange and ing chromic acid from the waste solution. In this multi-step
membrane separation procd8s5—-12] In many industrial process, two types of ion exchange resins were used. In the
practices in Taiwan, a popular method is to reduce the hex-first two steps, chromate was captured and concentrated us-
ing a strong base anionic ion exchange resin while in the
* Corresponding author. Fax:886-3-455-9373 last two steps, the chromate was converted to chromic acid
E-mail address: ceshlin@saturn.yzu.edu.tw (S.H. Lin). by a strong acid cationic ion exchange resin. The present
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multi-step process allows continuous operation of chromic adsorption capacities of the ion exchange resins and the per-
acid recovery in a efficient manner and thus has potential formances of the multi-step ion exchange process will be
practical applications. tested and evaluated.

2. lon exchange process for chromic acid recovery 3. Experimental studies

In this section, the basic principle of the two-stage ion ex- ~ The ion exchange resins employed in this study were the
change process will be illustrated. The process is in essenceéAmbersep 900 and 132 resins, as obtained from Rohm and
a four-step operation. In the first step, chromate is adsorbedHaas Co. (Philadelphia, PA). The Ambersep 900 is a strong
onto the solid (the OH-type resin) phase by exchange with acid anionic resin (OH-type) and the Ambersep 132 is a
OH~ which is combined with Fi in the aqueous solutionto  strong base cationic resin (H-type). For pretreatment, both
form H,O. In the second step, the adsorbed chromate in theAmbersep resins were washed several times first by deion-
solid phase is replaced under alkaline condition by Gidd ized water, followed by rinsing with acetone to remove all
is detached. It combines with Nan the aqueous solution — impurities on the resins. They were then rinsed with deion-
for form NaCrOy4. These first two steps of ion exchange ized water several times and dried at°€Din an oven for

can be represented by at least 24 h. For experimental batch and column tests, the
_ stock solutions of chromic acid g€rO,4) and sodium chro-
adsorption :  2R-OH- H2CrO4 — R>—CrOs + 2H;0 mate (NaCrOs) were prepared by dissolving in deionized

water appropriate amounts of reagent grade chromium ox-
ide (CrG;) and sodium chromate, as obtained from E Merck

where R-OH represents the OH-type ion exchange resin.GmbH (Darmstadt, Germany).
It is noted that between the adsorption and desorption For equilibrium adsorption experimental tests, 250 ml
steps, chromic acid in the original waste acid solution is Of the stock chromic acid solution were put in a flask
significantly concentrated although it form a sodium salt and 0.1g of pretreated Ambersep 900 resin was added.
(NaxCrOy) after desorption, as shown in the second reaction. The flask was sealed and placed in a constant-temperature
The sodium chromate obtained from the second ion ex- Shaker maintained at 2& and 120 cycles per minute
change (desorption) step needs to be converted back toshaking speed for 24h to ensure adsorption equilibrium.
chromic acid. This is accomplished in the third step using Adueous samples were then taken for hexavalent chromium
the H-type ion exchange resin. In this step, the sodium ion in (Cr°*) measurements using a GBC 932 atomic absorption
the aqueous solution is adsorbed by ion exchange with H spectrophotometer (GBC Scientific Equipment Pvt. Ltd.,
on the solid phase and the chromic acid is formed accordingMelbourne, Australia). The equilibrium experimental tests

desorption : R—CrO4 + 2NaOH— 2R—OH+ NaxCrOy

to were repeated for solutions of different initial chromic acid
concentrations to ensure that sufficient data were collected
conversion : NaCrO4 + 2R-H— H>CrO4 + 2R-Na for isotherm identification of & adsorption by Ambersep

900 resin. Similar experimental tests were performed for
NaxCrOy4 equilibrium adsorption by Ambersep 132 that ad-
sorbed the sodium ion (N3 from the aqueous solution. The

where R-H is the H-type ion exchange resin. In the final
step, the exhausted ion exchange resin (R-Na) is regener

ated by hydrochloric acid (HCI) solution with which'Hs equilibrium sodium ion concentration in the aqueous solu-

exchanged with N& on the solid phase. This last step is tion was measured using a JASCO high performance liquid
represented by chromatography (HPLC; Model PU 980i, JASCO, Inc.,
regeneration : R-Na HCl — R—H+ NaCl Tokyo, Japan). Again, sufficient number of equilibrium test
runs were conducted for different initial sodium chromate
These four steps complete the present chromic acid recov-concentrations to gather data for isotherm identification of
ery process. In summary, the multi-step ion exchange works sodium adsorption by the Ambersep 132 resin. It is noted
this way: the chromic acid is captured from the waste acid that the equilibrium and the following column test runs were
solution in the first step using the OH-type ion exchange replicated at least once to ensure the accuracy of the col-
resin and converted to sodium chromate in the second us-lected data and the average of two data sets was reported. In
ing NaOH solution. The second step also serves to regenernearly all instances, the accuracy of data was very good, with
ate the exhausted OH-type ion exchange resin. The sodiunthe data being deviated from the average in less than 2%.
chromate is then converted back chromic acid in the third The above equilibrium adsorption tests permitted de-
step utilizing the H-type ion exchange resin and is recovered. termination of the equilibrium amounts of chromate and
Finally, the exhausted H-type ion exchange resin is regen-sodium ions adsorbed by the Ambersep 900 and 132 ion
erated in the fourth step using HCI solution. The stepwise exchange resins, respectively, for various initial chromic
process permits continuous and efficient operation for prac- acid and sodium chromate concentrations. However, the
tical purposes. In the followin@ection 3 the equilibrium performance of the multi-step adsorption/regeneration
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process outlined in the previous section needs to be evalu- 400 o

ated in column tests. (2 /
For the column ion exchange test runs, a pyrex tube r o

of 2cm i.d. and 30cm height was used. The column was e

200 — ./’

equipped with an external water jacket for temperature con-
trol. Ten grams of pretreated Ambersep 900 was randomly
packed in the column to a bed volume (BV) of 22%m
The stock chromic acid solution with a €r concentration 100 &
between 250 and 750 mg/l was fed to the top of the resin
column by a feed pump at a desired rate between 10 and
30 ml/min. Samples were taken periodically at the bottom
of the resin column for & concentration measurement us-

® Measured Data
L - Freundlich

/ — Langmuir )
/

Q,, mg (g resin)"

Q,» mg (g resin)’!

. . . e Measured Data]

ing the GBC 932 atomic absorption spectrophotometer. As Freundlich

a test run was started, the exit®rconcentration was ini- — Langmuir J

tially nil and after a certain time had elapsed, it began to 0 [ D R

rise. The run continued until the exit &@r concentration be- 0 100 200 300 400 500
came close to the inlet. For the®rdesorption (the second

step), 10 wt.% NaOH solution was fed to the top of column C,mgl!

at one half of the adsorption_feeding rate. The Sa-me.GBC Fig. 1. Isotherm model fits of observed equilibrium ion exchange data
932 A,A was used to determlne the%rconc_emratlon n of Ambersep 900 (a) and Ambersep 132 (b) with 0.1g of ion exchange
the exit samples. A desorption run was terminated when the egin and at 25cC.
exit C%+ concentration was close to nil.

For conversion of sodium chromate to chromic acid, the
stock sodium chromate solution was fed to the top of the shown inFig. 1(a)for Ambersep 900 adsorption of Er
column randomly packed with 12 g of Ambersep 132 ion and inFig. 1(b)for Ambersep 132 adsorption of NaThese
exchange resin. The feed flow rate was chosen between 3wo graphs also show the model fit using the two isotherms.
and 15 ml/min. The sodium ion (N3 concentration in the ~ The model fit reveals that the Freundlich isotherm repre-
aqueous solution exiting the column was detected using thesents Ambersep 900 adsorption oP€better the Langmuir
JASCO PU 980i HPLC. A test run was terminated when the isotherm. However, for Ambersep 132 adsorption of"Na
exit Na© concentration was close to the inlet. Finally, the ex- both isotherms represent the observed data equally well. The
hausted Ambersep 132 column was regenerated by feedingsotherm parameters obtained by the model fit are listed in
5wt.% HCI solution at a flow rate between 5 and 15 ml/min. Table 1, noting that the values af? for the model fit are
The sodium ion concentration in the exit stream was moni- greater than 0.98. These isotherm parameters allow easy de-
tored periodically by the JASCO HPLC. A regeneration run termination of the equilibrium ion exchange capacities of
was completed when no more sodium ion was detected inboth ion exchange resins for different initial concentrations.
the exit solution.

4.2. Results of column tests
4. Resultsand discussion Like other unit operations, adsorption is a process whose
o ) performances are affected by a large number operating fac-
4.1. Equilibrium ion exchange isotherms tors. Among these factors, the equilibrium resin adsorption
_ _ capacity and the mass transfer rate are very important ones
Two ggngral _|sotherms commo_nly employed to.de_scrlbe [8,9]. A process performance parameter of practical impor-
the equilibrium ion exchange relation between the liquid and tance to process design is the exifC(or Nat) concentra-
solid phases are the Langmuir and the Freundlich modelstjon from the column. Prediction of this exit concentration is

[9] which are represented by not easy. Usually it involves solving a set of nonlinear partial
abCe 1 differential equations by sophisticated numerical schemes

Qe =11 1C, @

O = KCé/" @) Table 1

Parameters of the Freundlich and Langmuir Isotherms

whereQe and Ce are the equilibrium ion exchange capac- Ambersep Langmuir Freundlich
ity of Ambersep 900 (or 132) and the equilibrium®&r(or

. . . . a b K n
Na®) concentration in the agueous solution, respectively,
and a, b, K and n are the constant isotherm parameters. 4513 0.0075 25.65 2.28
92.1 0.0021 24.56 4.91

The observed data of the equilibrium ion exchange tests are
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with proper identification of a number of system parameters
[9]. As an alternative, a macroscopic version was developed
from the original microscopic model by Bohart and Adams
[19] and Thoma$20] for describing the solute breakthrough
behavior of a column adsorber. The main advantages of this
model are its simplicity and reasonable accuracy in predict-
ing the breakthrough curves (times) under various operating
conditions. The macroscopic model is represented by

In (CO _ C) =1In [exp(leeM) - 1} —kiCot  (3)

where C is the solute concentration in the exit aqueous
stream at timet (mg/l), Cp the inlet solute concentration
(mg/l), ky the rate constant of adsorption (I/(mgh¥)e
the equilibrium solid-phase concentration of sorbed solute
(gram of solute per gram of adsorberit),the mass of ad-
sorbent (g)F the flow rate (I/h) and the time (h). Due to
relatively larger value of expkg QeM)/F] than 1 in most in-
stancesEq. (3)can be rewritten as:

) @

| C k1QeM

n (Co - F

The equation was also adopted by Hutchja] for the
design of activated carbon adsorption system. According to
Eqg. (4) the left-hand quantity, In[/(Co — C)], is a linear
function of time €) for a given set of system and operating
conditions. Hence, a linear plot of In[€§ — C)] versus

t yields a slope and intercept for estimation of the model
parameters. In fact, the above equation is essentially the
same as the simplified logistic function that describes the
biological or population growth and distributi¢g2]:

In(Co—C) =k(t—1)

Comparison ofEgs. (4) and (5)yeveals thak = k1Co and
T = QeMI(CoF). It is noted thaQ:M/(CoF) in Eq. (4)or
in Eq. (5)represents the time wheh= Cy/2.

The two parameters i&qg. (5)can be readily determined
by plotting In[C/(Co — C)] againstt using the observed data.
Fig. 2 shows the plot of INL/(Co — C)] versust for various
inlet C*+ concentrations. The linear relation shown here as
represented bigq. (5)is adequate. IiEq. (5) the parameter
7 is the adsorption time when I8](Co — C)] is equal to
zero (i.e.C = Cp/2) andk is determined from the slope.
The parameters determined in this fashion for Ambersep
900 adsorption of & for different inlet concentrations
and flow rates and the corresponding ones for Ambersep
132 adsorption of N& are listed inTable 2 Using the es-
timated parameters, the breakthrough curves for different
inlet concentration and flow rate conditions could be recon-
structed for C¥*+ adsorptionFig. 3(a) and (bompare the
theoretical and observed breakthrough curves for different
inlet C*+ concentrations and different flow rates, respec-
tively. Similar comparison is displayed Iig. 4(a) and (b)
for Na™ adsorption (the third or conversion step). It is ap-
parent that the model predictions compare reasonably well

QeM
CoF

C) 1¢0 10(

(5)
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Fig. 2. Plot of In[C/(Co — C)] vs. ion exchange timet) for chromate
adsorption by Ambersep 900 with 20 ml mihfeed flow rate and at 25C.

with the observed data. Hence the simplified version of the
logistic equation, as represented By. (5) can be recom-
mended for convenient representation of the breakthrough
curves of the present column ion exchange processes.

A practical application of the experimental breakthrough
curves is the determination of the breakthrough time. The
breakthrough time can help establish the optimum operating
conditions of the ion exchange process. However, accurate
estimation of the breakthrough time from the experimental
curves is not easy especially when the breakthrough con-
centration is very low. This difficulty can be resolved with
Eq. (5) For example, the discharge standard df'Cin the

Table 2
Parameters of theoretical breakthrough equations
k T
Ambersep 900 adsorption of chromate
Flow rate (ml/min)
10 8.1 317.3
6.5 156.6
30 5.5 109.5
Inlet concentration (mg/l)
250 6.8 293.5
500 6.5 156.6
750 3.6 101.5
Ambersep 132 Adsorption of sodium ion
Flow rate (ml/min)
5 12.2 388.4
10 5.9 196.5
15 4.3 117.8
Inlet concentration (mg/l)
221 12.1 377.7
442 5.9 196.5
663 4.8 122.1
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Fig. 3. Comparison of predicted (solid lines) and observed (solid squares,
triangles and circles) chromate adsorption breakthrough curves of Am-
bersep 900 for different inlet chromium concentrations (a) and different
feed flow rates (b).

Complete Desorption Time, min

Fig. 5. Chromium concentration in the exit aqueous solution as a function
of time for Ambersep 900 regeneration (a) and the relation between the
feed flow rate and the desorption time for complete regeneration (b).

industrial wastewater in this country is 0.5 mg/l. For a given

inlet chromate concentration, the breakthrough time meeting estimated to be 8.7 BV/g resin. The information obtained

this discharge standard would vary with the wastewater flow in the fashion can facilitate the design and operation of the
rate and is easily determined usiig. (5) and the model g P

; chromic acid recovery system.
parameters inable 2 The amounts of chromate adsorbed Figs. 3 and demonstrated the effectiveness aspect of ion

are then computed in terms of the inlet chromate Concen'exchange of & and N& by Ambersep 900 and 132, re-

tration and the feed flow rate. Interestingly, these amounts . i ) .
. . . spectively. However, for continuous operation of the chromic
were found to be essentially independent of both operating _ . . .
acid recovery system, regeneration of exhausted ion ex-

variables with an average of 0+ 0.005 g/g resin. The av- : .
. ; : change resins plays a crucial role also due to the need of
erage volume of waste chromic acid solution treated was : .
repeated use of the ion exchange resins for cost reasons.

Regeneration of exhausted Ambersep 900 and 132 resins
was achieved by using 10 wt.% NaOH and 5wt.% HCI so-
lutions, respectively, as recommended by the manufacturer.
In the regeneration of Ambersep 900 resin using 10 wt.%
NaOH solution, the chromate on the solid (resin) phase was
replaced by exchange with OHand was detached. The
chromate combined with Nain the aqueous solution to
form sodium chromatésig. 5(a)demonstrates the Ef con-
centration change in the exit solution as a function of the
feed flow rate. The time to reach zero®Crconcentration
(complete desorption of €f) strongly depends on the feed
flow rate, varying from 265 min at 5ml/min to 132 min at
10 ml/min and 87 min at 15 ml/min. Although, regeneration
at low flow rate (5 ml/min) took longer to complete, it could
be a better choice in practice than those at higher flow rates
(10 and 15 ml/min) because the former avoided generating
large volumes of dilute solution. The total amounts of solu-
tion containing NaCrOy collected for all feed flow rates re-
main relatively steady at315+10 ml or about 60 BV which

Fig. 4. Comparison of predicted (solid lines) and observed (solid symbols) ' C10S€ 10 the volume of NaOH solution recommended by
sodium adsorption breakthrough curves of Ambersep 132 for different the manufacturer for regeneration. For efficient desorption
operation, the complete desorption time may be shortened
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inlet chromium concentrations (a) and different feed flow rates (b).
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to less than 1 h by a further increase in the feed flow rate, 1.0 222
as shown irFig. 5(b) @ {

In the regeneration of exhausted Ambersep 132 using r /
5wt.% HCI solution, the N& in the solid phase was re- S b
placed by exchange withH Thus, the released Nawas ) 0.5~ //{ 1

eluted out of the ion exchange resin column. The opera- 2/|
tion was found to be highly efficient in the experimental
tests. For example, for a feed flow rate of 10 ml/min, only

7 min was needed for complete regeneration of exhausted ) ‘
Ambersep 132. Such a short regeneration time was consis- - oA
tently observed for other feed flow rates. Hence, it can be - /]
safely said from the test results that using 5wt.% HCI solu- % 0.5~ 1/‘/
tion, regeneration of exhausted Ambersep 132 resin can be /‘.A 2
efficiently accomplished in less than 10 min. i .,0[
The regenerated Ambersep 900 and 132 resins were tested 0.0 . é_.,nlﬂ“ \
for chromate and sodium adsorption to compare their per- 0 40 80 120 160 200
formances with those of the virgin ones. The breakthrough Time, min

curves of the virgin and regenerated resins are demonstrated
in Fig. 6(a)for Ambersep 900 an&ig. 6(b) for Ambersep Fig. 6. Comparison of the breakthrough curves of virgin and regenerated
132. For practical purposes, the two sets of breakthroughAmbersep 900 (a) and Ambersep 132 (b); 1,virgin resin, 2, regenerated
curves shown in these figures have little difference. In fact, "esin-
the test results indicated that the ion exchange capacities of
both regenerated resins had decreased only by less than 2%yaste acid solution entering the first OH-type resin column
after 10 adsorption/regeneration cycles. Hence, both ion ex-where the chromate is adsorbed onto the solid phase by ion
change resins are expected to perform well for continuous exchange with OHL. The ion exchange operation contin-
operation of chromic acid recovery for a long period. ues until the C&" concentration in the exit aqueous solution
exceeds the direct discharge standard (0.5 mg/l). While the
waste acid solution is switched to the second OH-type resin
column for continuous operation, regeneration of the first
Based on the proposed procedure and according to the testolumn starts immediately by feeding in 10 wt.% NaOH so-
results discussed in the previous section, a feasible flow chartlution at a rate of 1 BV/min for 60 min. The regenerated first
for chromic acid recovery is illustrated kig. 7. For contin- OH-type resin column is ready for the next round operation.
uous operation, two packed columns are required for each of The NaCrO4 solution collected from the OH-type resin
OH- and H-type resins. The recovery process starts with thecolumn is fed at a rate of 0.68 BV/min to the first H-type

4.3. Flowchart for continuous chromic acid recovery

10 wi% NaOH

Waste Acid Solution
Cr8* Conc. =750 mg I'!
Flow Rate = 1.36 BV min!

Solution

Flow Rate = | BY min’}

— Regeneration = 60 min

Strong Base

Anionic Resin — :

(OH-Type)

Direct Discharge
8.5 BV (g Resin)!
(Cré*<0.5 mg 1)

Na,CrO, Conc. =4670.mg I'!
Flow Rate = 0.68 BV min’!

Na,CrO A Solution
5 BV (g Resin)!

5 wt %HCI Solution
Flow Rate = 0.45 BV min’!
Regeneration = 10 min

Strong Acid
Cationic Resin
(H-Type)

H,CrO, Solution
Recovery =4.76 BV (g Resin)!

NaCl Solution
0.45 BV (g Resin)!

Fig. 7. Process flow chart of chromic acid recovery system.
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resin column for conversion in which sodium is adsorbed [4] U. Forstnr, G.T. Wittman, Metal Pollution in Aquatic Environment,
on the solid phase by ion exchange with HThe conver- Springer, Berlin, 1979. _ _ '
sion operation is terminated until the sodium ion appears in [5] T.D. Reynolds, P.A. Richards, Unit Operations and Processes in

. . . Environmental Engineering, 2nd Edition, PWS Publishers, Boston,
the exit aqueous solution and the®tO, solution collected MA. 1996 g 9

from this resin column is recycled for reuse. The;NeO, [6] D.M. Ruthven, Principles of Adsorption and Adsorption Processes,
solution is diverted to the second H-type resin column for Wiley, New York, 1984.

continuous operation and regeneration of the first column en- [7] G. Totura, Innovative uses of specialty ion exchange resins provide
sues. The regeneration is accomplished by feeding in 5wt.% new cost-effective options for metal removal, Environ. Prog. 15

- . . . (1996) 208-212.
HCI solution at a rate of 0.45 BV/min for just 10 min. [8] P. Malakul, D. Srinivasan, H.Y. Wang, Metal adsorption and

desorption characteristics of surfactant-modified clay complexes, Ind.
Eng. Chem. Res. 37 (1998) 4296-4301.

5. Conclusions [9] K. Tani, T. Ohta, S. Nii, K. Takashi, Copper removal from
dilute aqueous solution by extraction with countercurrent multistage

In th t K lti-st . h column, J. Chem. Eng. Jpn. 31 (1998) 394-406.
n {he present work, a mufii-step 1on exchange process [10] J. Bohdziewicz, Removal of chromium(VI) by adsorption using water

was employed for efficient recovery of chromic acid from in the hybrid complexation-ultrafiltration process, Desalination 129
waste acid solution. The strong base anionic (OH-type) and  (2000) 227-235.
strong acid cationic (H-type) ion exchange resins were em- [11] A. Hafiane, D. Lemordant, M. Dhahbi, Removal of hexavalent
ployed in the process. Experimental tests were conducted to chromium by nanofiltration. Desalination 130 (ZQOO) 305-312.
determine the equilibrium ion exchange capacities of both [12] M.A. Schlautman, J. Han, Effects of pH and dissolved oxygen on
€ ) q Lo 9 p the reduction of hexachromium by dissolved ferrous iron in poorly
resins. The empirical Freundlich isotherm was found to ad- buffered aqueous solution, Water Res. 35 (2001) 1534-1546.
equately describe the equilibrium relation between the solid [13] V.P. Dikshit, Removal of chromium(VI) by adsorption using sawdust,
(resin) and liquid phases of the ion exchange process. A  Nat Acad. Sci. Lett. 12 (1989) 419-421. _
theoretical model was adopted for representing the column!14l - Santiago, V.P. Worland, E. Cazares-Rivera, F. Cadena, Adsorption
b kthrouah. The theoretical model with its model param- of hexavalent chromium onto tailored zeolites, in: Proceeddings of the
rea gn. . o . p 47th Purdue Industrial Waste Conference, Lewis Publishers, Chelsea,
eters properly identified was observed to predict reasonably  wichigan, 1992.
well the experimental breakthrough curves. Such a theoret-[15] S.A. Khan, A. Riaz-ur-Rehman, M.A. Khan, Adsorption of
ical model can significantly simplify determination of the chromium(lll), chromium(VIl) and silver(l) on bentonite, Waste
breakthrough times of the ion exchange process and facili- Manage. 15 (1995) 271-282. ) i
h desi b - h . di [16] D.C. Sharma, C.F. Forster, Continuous adsorption and desorption of
t?‘te the process design by opt!m|2|ng the operation condi- chromium ions by sphagnun moss peat, Process Biochem. 30 (1998)
tions. Based on the proposed ion exchange procedure and  293-29s.
the test results, a flow chart for the chromic acid recovery [17] D. Zhao, A.K. Sengupta, L. Stewart, Selective removal of Cr(VI)
process is demonstrated. The process allows efficient and ~ Oxyanions with a new anion exchanger, Ind. Eng. Chem. Res. 37

; ; 1998) 4383-4387.
continuous operation. (
P [18] N.K. Hamadi, X.D. Chen, M.M. Faird, G.Q. Lu, Adsorption
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