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A workflow consisting of experiments, modeling, and synthesis is presented for man-
aging the impurity content in the product crystals of a crystallization process taking
into consideration the entire train of crystallization and downstream processing steps.
Experiments on solid-liquid equilibrium, impurity inclusion, washing, and deliquoring
are designed in such a way that the experimental data or the model parameters
derived from these data can be readily used for process design. Guidelines for experi-
mental design and tradeoffs in process synthesis are discussed. The workflow is illus-
trated using the purification of Vitamin C (ascorbic acid) as a case study. © 2009
American Institute of Chemical Engineers AIChE J, 56: 633—-649, 2010
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Introduction

Controlling the impurity content in the final product crys-
tals of a crystallization process is a crucial issue because of
its significant economic impact. Commodity and specialty
chemicals are often sold in various grades with substantially
different prices based on the purity level, whereas active
pharmaceutical ingredients can be worthless if they do not
meet certain purity specifications.

The undesired impurities can be incorporated into the
crystals during growth, trapped inside agglomerates of crys-
tals, adsorbed on crystal surfaces, or incompletely removed
during filtration, washing, and deliquoring of the crystals
downstream of the crystallizer(s). Much has been done to
elucidate the relevant phenomena. For example, the amount
of inclusion impurity inside the crystal is closely tied to
particle size, growth rate, and agglomeration rate, which in
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turn are affected by operating variables, such as crystalliza-
tion temperature, cooling rate, stirring rate, and presence of
surfactant.'™ The degree of impurity removal is dependent
on the wash ratio in washing and the pressure difference in
deliquoring.®” At present, it is still not possible to predict,
from first principles, these behaviors quantitatively, and ex-
perimental testing is essential in practice.

In contrast, only limited effort has been made on the
design of processes to meet the impurity target from a sys-
tems perspective. A hierarchical approach is available for
synthesizing the necessary flow sheet and specifying the des-
tinations of the reaction solvent, mother liquor, wash liquid,
recrystallization solvent, and drowning out solvent systemati-
cally.® A subsequent study clarifies the possible influence of
crystal size distribution on the downstream units, and the
ways in which the desirable crystal size distribution that
offers minimum adverse impacts can be realized in the crys-
tallizer(s).” In these design procedures, the information on
all model parameters as well as the relevant experimental
data is assumed to be given. This approach is similar to
most of the process design literature in which experiments
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Figure 1. The objective-time chart for impurity management.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

are seldom considered and, thus, it only captures part of how
most industrial processes are actually developed.

For new processes, only limited physical and chemical
information is known at the early stage of process design.
Concurrent experimental data acquisition and process synthe-
sis are the key for designing a better process and for shorten-
ing time-to-market.'® By identifying the dominant physical
and chemical phenomena, modeling serves as an intermedi-
ary between experiments and process design.

The objective of this article is to formulate a workflow
that combines experiments, modeling, and synthesis to come
up with an integrated crystallization process involving the
entire train of crystallization and downstream processing
steps to meet the final product purity target. Emphasis is
placed on the methodologies for collecting experimental
data, using models in data analysis, and synthesizing a pro-
cess based on these results. Using ascorbic acid as a case
study, it demonstrates how these activities are integrated in

process development. Guidelines and best practices derived
from our industrial experience are highlighted throughout the

article. Scheduling of the R&D activities is considered
alongside the workflow.
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Workflow for Impurity Management

The workflow begins with an objective-time chart as shown

in Figure 1."" Objective 1 is part of project management which
specifies the tasks to be completed in a given time horizon.
Each objective can be broken down into subobjectives. Such a
hierarchical view of the development project informs every
project team member what are being done to achieve the over-
all goal. Also, it highlights the tasks that can be carried out
concurrently, thereby reducing the overall development time.
However, it is often difficult to identify in advance all the nec-
essary experiments particularly when unanticipated results are
obtained. Thus, some experiments need to be repeated and
hence new experiments are scheduled. Objective 2 is to syn-
thesize a manufacturing process to meet final product purity
specifications. It can be decomposed into subobjectives: stud-
ies of solid-liquid equilibrium (SLE), impurity inclusion,
washing, and deliquoring performance and conceptual design.
These subobjectives can be broken down further. For example,
the washing and deliquoring performance study includes the
determination of filter cake properties, dependence of washing
efficiency on wash ratio, residual moisture content as a func-
tion of pressure or vacuum level, among others.

March 2010 Vol. 56, No. 3 AIChE Journal
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Figure 2. The tasks for impurity management.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

To achieve the objectives and subobjectives, RAT’IO
modules are used (Figure 1). The acronym stands for resour-
ces, activities, time, tools, input/output information, and
objective. We identify in advance the resources (money and
people) required to complete certain activities (experiments,
modeling, and synthesis) within a specified period of time
using proper tools (experimental setup or software) to gener-
ate the necessary information so as to meet the given objec-
tive. For instance, the RAT?IO modules listed in Table 1 is
used to achieve the process synthesis objective.

These studies constitute the major components of the work-
flow for impurity management (Figure 2). Solid-liquid equilib-
rium study is needed to confirm the phase behavior of the sys-
tem consisting of the desired product and major byproducts.
Thus, these impurities are thermodynamically based and can be
avoided by performing crystallization well within the crystalli-
zation region of the product. However, inclusion impurities can
still contaminate the product crystals. These are non-crystalliz-
ing impurities that got incorporated into the solid phase during
crystallization, and cannot be removed from the solid phase
without dissolving the crystals. For practical purposes, impur-
ities adsorbed on the surface of the crystals are included in this
type if they are not removable during washing. Impurity inclu-
sion study is to determine the relationship between the amount
of inclusion impurities and operating parameters such as crys-
tallization yield and cooling rate, solvent composition, and so
on. The washing performance study deals with surface impur-
ities that refer to those dissolved in the residual liquid trapped
inside the interstitial pores among the crystals. Finally, the
effect of deliquoring time and pressure difference on the cake
wetness is quantified in the deliquoring performance study.
With input information such as the type and amount of impur-
ities in the feed stream, physical properties of the pure compo-
nents, and mixtures involved, and so on, experimental data
from these studies provide the necessary information for con-

636 DOI 10.1002/aic

ceptual design, during which the operating conditions of the
crystallizer as well as the downstream units are specified. These
conditions are then validated in a series of scale-up studies
which eventually lead to an integrated crystallization process
yielding a final product with the desired purity.

Case study—Ascorbic acid process

To illustrate the workflow for solving a typical industrial
problem, an example on the production of ascorbic acid, better
known as vitamin C, is presented. Ascorbic acid (AsA) can be
produced by fermentation of p-glucose.'” The conversion of D-
glucose is close to 100%, and the reactor effluent contains
mainly the product (AsA), solvent (50/50 wt % ethanol/water),
and byproducts, which are the source of impurities in the prod-
uct. AsA is recovered from this reactor effluent by cooling
crystallization. Table 2 summarizes the available input informa-
tion. Among the numerous impurities, only two of the most
abundant ones, oxalic acid (OxA) and 2-furaldehyde (2-Fur),
will be considered to minimize the complexity. The product
specifications call for a maximum oxalic acid and 2-furalde-
hyde concentrations of 1000 ppm and 50 ppm, respectively.

Solid-Liquid Equilibrium Study

The solubility data for the crystallization system (solute/
major impurities/solvent), if not available in the literature,
have to determined experimentally. Systematic procedures
such as the isothermal and polythermal methods have been
developed.'? With proper training, as little as 1 mg of solute
could be used for solubility determination. Method for high-
pressure systems is also available."*'> Time could be saved
by using high throughput apparatus that performs multiple
solubility measurements concurrently.'®!” Representation of
SLE data on phase diagrams for various systems, such as
simple eutectic, polymorphic,'® chiral,'® solid solution,?® and
high-dimensional systems21 has been developed. The crystal-
lization temperatures and compositions at which cocrystalli-
zation of the product and impurities does not occur can be
readily identified on the phase diagram.

Case study—Ascorbic acid process
The crystallization system in this case study involves the

product (ascorbic acid), the impurities (oxalic acid and

Table 2. Input Information of the Ascorbic Acid Process

Product specifications

Production rate (based on dry ascorbic acid) 40 kg h!
Maximum impurity level of oxalic acid 1000 ppm
Maximum impurity level of 2-furaldehyde 50 ppm

Reaction system
Temperature 48°C
Reactor effluent composition

Ascorbic acid (product) 27 wt %
Solvent (50 wt % ethanol in water) 65 wt %
By-products and impurities 8 wt %
(oxalic acid and 2-furaldehyde)
Crystallization system
Type of crystallization Cooling

Temperature 28°C
Solids density 1650 kg m >
Filtrate density 1000 kg m >

Published on behalf of the AIChE
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Figure 3. The isothermal phase diagrams of ascorbic
acid - oxalic acid - ethanol/water system at
(a) 28°C and (b) 8°C.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

2-furaldehyde), and the solvent. As 2-furaldehyde is a liquid
within the intended range of crystallization temperatures,
only the ternary phase diagram of ascorbic acid/oxalic acid/
solvent was determined. The experimental setup and proce-
dure have been discussed elsewhere. '

The isothermal phase diagrams at 28°C and 8°C are
shown in Figures 3a, b, respectively. Each data point was
obtained by slowly adding the solvent to a mixture of ascor-
bic acid and oxalic acid of a given ratio until all solids get
dissolved, while keeping a constant temperature. Two
branches can be identified on the diagram: the left branch is
the ascorbic acid saturation curve, whereas the right branch
corresponds to oxalic acid saturation. They intersect at the
double saturation Point D, which represents a solution that is
saturated with both ascorbic acid and oxalic acid at this tem-
perature. The two dotted lines extending from Point D to the
AsA and OxA vertices define three crystallization regions.

AIChE Journal March 2010 Vol. 56, No. 3
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As the feed to the crystallizer (Point F) is located well inside
the AsA(s) + L region at both temperatures, it is expected
that pure ascorbic acid will be obtained on crystallization to
a final temperature anywhere between 8°C and 28°C, and
the coprecipitation of oxalic acid is not a concern.

Impurity Inclusion Study

The inclusion level depends on solvent composition, crys-
tal size, and crystal growth rate which in turn is affected by
the cooling rate, solvent evaporation rate, antisolvent feed
rate, and so on. Crystallization experiments should be per-
formed to identify suitable conditions to keep the impurities
within acceptable limits. The most common method is to
recover the crystals by filtration from the slurry after crystal-
lization experiments and then analyze their compositions by
suitable analytical instruments. In carrying out the filtration
step, extra care should be taken in transferring hot and satu-
rated slurry to a cool filter. Additional solidification may
take place due to a sudden temperature drop, leading to
higher yield and impurity content. In contrast, the solids in
the slurry may dissolve when it is transferred from a cold
crystallizer to a warmer filter. Therefore, temperature control
is essential not only during crystallization, but also in the
solids recovery and washing steps.

Figure 4 shows four basic designs of bench-scale experi-
mental setups developed in our laboratory for cooling crystal-
lization and solids recovery. They have different sizes and
features. For all four setups, crystallization temperature is con-
trolled using external oil circulating baths. The setup in Figure
4a is suitable for small volume (5-30 ml) cooling crystalliza-
tion and slurry with low viscosity. The mother liquor can be
completely and quickly removed by vacuum suction right af-
ter crystallization and the solids are recovered on the filter
head for subsequent composition analysis. However, the small
area of the filter head limits the amount of solids to be recov-
ered and thus it is suitable for a slurry sample with a low
solid/liquid ratio. The setup in Figure 4b is used for a slurry
volume of 50-250 ml. The slurry can be either poured by
hand or transferred through a heat insulated tubing under vac-
uum to the filter. The design in Figure 4c combines a crystal-
lizer with a filter by fixing a filter disk at the bottom of the
crystallizer. Crystallization takes place above the filter disk
and the crystallization mixture does not fall below the filter
disk when the stopcock is closed. Crystals can be collected on
the filter by simply opening the stopcock and turning on the
vacuum. Filtration—washing—deliquoring experiments can then
be performed without a slurry transfer step. Thus, unwanted
crystallization and changes in mother liquor composition due
to temperature change in slurry handling is avoided. When
high-pressure filtration is required, a stainless steel chamber/
filter disk (Figure 4d) is used instead. Preheated pressurized
air stream provides the pressure difference for filtration. The
filtration temperature can be controlled by wrapping the stain-
less steel chamber with heating tape.

After filtration, thorough washing of the crystals to
remove the residual moisture has to be performed before
drying and composition analysis. Selection criteria for the
wash liquid are listed in Table 3. The key requirement is
that the wash liquid should not dissolve the product crystals.
If such a solvent is unavailable, a solvent saturated with the

DOI 10.1002/aic 637
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Figure 4. Basic design of bench-scale experimental setups for crystallization and solids recovery.

(a) A crystallizer with a filter head for solids recovery. (b) A separate filter for crystallization at a moderate temperature. (c) For extreme
crystallization temperatures, a crystallizer/filter is used. (d) For slurry requiring high-pressure filtration, a stainless steel chamber is used.

product can be used as the wash liquid. However, the experi-
mentalist usually needs a lot of practice to handle a saturated
wash liquid properly in order not to inadvertently precipitate
out the solute. Most impurities present in crystals are in ppm
level. Suitable analytical procedure and related sample prep-
aration techniques should be developed in advance, with em-
phasis on the sensitivity and detection limits of both product
and impurities.

Case study—Ascorbic acid process

The effect of cooling rate, crystallization yield, and sol-
vent content on the inclusion level were studied in the ascor-
bic acid example.

Materials and Experimental Setup. In the absence of an
actual plant reactor effluent sample, a representative crystal-
lizer feed was prepared by mixing pure chemicals, including
ascorbic acid (>99%; Sigma-Aldrich), oxalic acid (99.5%;
BDH), 2-furaldehye (99%; Sigma-Aldrich), ethanol (absolute
>99.9%; Merck), and water. All runs were seeded using fine
ascorbic acid particles obtained by recrystallization of the
commercial ascorbic acid using 50 wt % ethanol in water as

638 DOI 10.1002/aic
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the solvent, followed by filtration, drying, and sieving to
obtain particles in the size range of 20-45 um. The seed par-
ticles were suspended in a saturated solution of ascorbic acid
in 50 wt % ethanol in water before usage. The main purpose
of this seed preparation procedure is to avoid milling, which
may produce crystals that are unable to grow because of me-
chanical damages on their surfaces.

The crystallization experiments were carried out using the
setup shown in Figure 5. The 125-ml jacketed glass crystal-
lizer was connected to an oil circulating bath (Ministat 125,
Huber) with an operating temperature range of —25°C to

Table 3. Criteria for Selection of Wash Liquid

e It is one of the components in the existing process.

e It does not adversely affect the crystal product quality such as
particle size, morphology, and color.

e The product is not soluble in the wash liquid.

e It does not cause precipitation of impurities during washing.

e [t can be easily removed by drying the product crystals.

e It can be easily recovered for reuse.

e It does not cause phase split with other solvents in the existing
process.

March 2010 Vol. 56, No. 3 AIChE Journal
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150°C. A separate jacketed glass vessel containing seed sus-
pension was kept at the dissolution temperature of the
crystallization mixture by a water circulating bath. The tem-
peratures inside both vessels were monitored using thermo-
couples. Mixing was provided by magnetic stirrers placed
underneath the vessels. The crystallizer was equipped with a
Lasentec® FBRM® (Focused Beam Reflectance Measure-
ment) probe (D600L, Mettler Toledo) for in-situ monitoring
of crystal size distribution.

Experimental Procedure. Altogether 16 runs of crystalli-
zation experiments were performed with different final
crystallizer temperatures, cooling rates, and solvent concen-
trations. To investigate the effect of crystallization yield,
several runs (Runs 1-5) were conducted with the same initial
composition and temperature, but with different final crystal-
lization temperatures. Runs 6-10 were conducted with differ-
ent cooling rates. A series of runs (Runs 11-16) with a
different solute to solvent ratio were also carried out, with a
similar crystallization yield achieved by keeping the same
temperature difference between the crystallizer feed and
outlet. The crystallization conditions are summarized in
Table 4.

In each run, chemicals of known compositions were
weighed and mixed in the crystallizer with a constant stirring
rate of 600 rpm. The mixture was heated at a rate of
0.5°C min~" until all solids dissolved, at which point the
dissolution temperature was recorded. The solution was then
cooled to 2°C below the dissolution temperature, and 2 ml
of seed suspension (10 wt % solid content) was added using
a digital pipette. The seed amount was determined according
to the critical seed loading ratio from the seed chart devel-
oped by Norihito et al.>? The particle count of the seeds was
monitored using the FBRM® probe. The mixture was then
cooled at the desired cooling rate to the final crystallization
temperature and kept overnight under constant stirring to
achieve equilibrium.

At the end of the crystallization experiment, the solids
were filtered out and washed thoroughly to remove surface
impurities before being analyzed. As the slurry was at nearly
room temperature and the volume of slurry was about
100 ml, the basic design for solid recovery in Figure 4b was
used for solids recovery. Based on the selection criteria in
Table 3, a saturated solution of ascorbic acid in ethanol at
the crystallization temperature was chosen as the wash lig-
uid. Approximately 1.5 ml of this solution was used to wash
1 g of crystals. For a 16 g filter cake, 24 ml wash liquid was
used at one time with mild stirring using a spatula. The cake
was washed four times to ensure that the surface impurities
were completely removed.

After washing, strong suction was applied to remove most
of the residual liquid remaining in the cake, followed by dry-
ing in a vacuum oven at room temperature overnight.
Finally, the solid composition was analyzed by HPLC
(Agilent 1100) using the Prevail Organic Acid column (All-
tech, 5 ym) and 10 mM NaH,PO, buffer solution (pH =
2.5) as the mobile phase. Each solid sample was dissolved in
double deionized water to make a 1 wt % solution. This rel-
atively high concentration was necessary to ensure detection
of the ppm amount of impurity in the sample. The sample
solution was passed through a 0.2 pum syringe filter before
being injected to the HPLC.

Results. Figure 6a shows the inclusion impurity concen-
tration of oxalic acid and 2-furaldehyde as a function of the

Table 4. Experimental Conditions for the Cooling Crystallization of Ascorbic Acid

Solute, wt %

Solvent, wt % (AsA:OxA:2- Cooling
Runs (EtOH:H,0 = 50:50) Fur = 27:4:4) Tais (°C) Tery (°C) AT (°C) rate (°C min 1)

1 65 35 48.3 333 15 0.5

2 65 35 48.3 28.3 20 0.5

3 65 35 48.3 233 25 0.5

4 65 35 48.3 18.3 30 0.5

5 65 35 48.3 8.3 40 0.5

6 65 35 48.3 28.3 20 0.05

7 65 35 48.3 28.3 20 0.1

8 65 35 48.3 28.3 20 1

9 65 35 48.3 28.3 20 2
10 65 35 48.3 28.3 20 3
11 75 25 30.2 10.2 20 0.05
12 75 25 30.2 10.2 20 0.1
13 75 25 30.2 10.2 20 0.5
14 75 25 30.2 10.2 20 1
15 75 25 30.2 10.2 20 2
16 75 25 30.2 10.2 20 3

AIChE Journal March 2010 Vol. 56, No. 3 Published on behalf of the AIChE DOI 10.1002/aic 639
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Figure 6. Inclusion impurity concentration of oxalic
acid and 2-furaldehyde as a function of oper-
ating conditions.

(a) Crystallization yield and (b) cooling rate. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

crystallization yield for Runs 1-5, which were carried out at
a constant cooling rate of 0.5°C min~' and a feed composi-
tion of 35 wt % solute (i.e., 65 wt % solvent). A higher
yield was achieved by lowering the final crystallizer temper-
ature so that more ascorbic acid crystallized out of the solu-
tion. The concentration of 2-furaldehyde clearly increased as
the crystallization yield increased, whereas the concentration
of oxalic acid was bounded between 500 and 900 ppm with-
out an obvious trend.

The effect of cooling rate is depicted in Figure 6b. Six
runs (Runs 6-10 together with Run 2) were performed with
the same feed composition (65 wt % solvent) and a tempera-
ture drop of 20°C (from a feed temperature of 48.3°C to a
final crystallization temperature of 28.3°C). The inclusion
concentrations of both oxalic acid and 2-furaldehyde showed
a slightly increasing trend to cooling rate.

Six other runs (Runs 11-16) were carried out with a dif-
ferent feed composition (75 wt % solvent) but the same tem-
perature drop of 20°C. Although the total solute concentra-
tion was lower, the ratio of AsA:OxA:2-Fur in the feed
remained the same at 27:4:4. The feed temperature was
adjusted to 30.2°C to achieve saturation of AsA. Because of
the linear relationship between solubility and temperature

640 DOI 10.1002/aic
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over 10-60°C temperature range, the AsA yield of 40% is
the same in both cases. The results indicate that crystals
from the runs with 75% solvent contained higher concentra-
tions of impurities, especially oxalic acid, compared with
those obtained from runs with 65% solvent (Figure 6b).

Figure 7 shows the in-situ particle counts for two size
ranges for Runs 2 and 6-10, based on the chord length dis-
tribution recorded by the FBRM® probe. The vertical dot-
ted lines demarcate the end of the cooling period for each
run, beyond which the slurry was kept at a constant tem-
perature. Particles with a chord length between 1-46 um
and 46-1000 um are referred to as “fine particles” and
“large particles,” respectively. Note that the cutoff size
between the two size ranges has been arbitrarily chosen
such that the seed particles completely fall within the fine
particles range.

It can be seen that similar trends can be observed for all
runs. Except for a short period at the beginning, the count
of fine particles monotonically increased, whereas the count
of large particles initially increased, reaching a maximum,
and then decreased towards a plateau. The initial slope of
the large particles curve was steeper with increasing cool-
ing rate, suggesting faster growth at higher cooling rate as
expected. However, at lower cooling rates, the peak of the
large particles curve occurred during the cooling period,
whereas at higher cooling rates this peak occurred during
the equilibration period. This is a clear indication that
ascorbic acid crystals grew relatively slowly, so that when
the cooling rate was higher than 0.1°C min~! (Figures 7c—)
the crystallization process was far from completion by the
time the cooling stopped. Also, a relatively high supersatura-
tion was generated with increasing cooling rate. The
decrease in the number of large particles after the maximum
was believed to be due to attrition caused by the magnetic
stirrer. Along the same line of reasoning, the increase in the
number of small particles was partly due to attrition and
partly due to nucleation. The latter was a result of the resid-
ual supersaturation and the nucleation induced by the mag-
netic stirrer.

Based on the results shown in Figures 6 and 7, it can be
concluded that reducing the cooling rate, and thus the crystal
growth rate, could be the way to minimize 2-Fur and oxalic
acid contents in the final product. The concentration of 2-Fur
could also be controlled by manipulating the yield of crystal-
lization.

Filtration, Washing, and Deliquoring Experiments

The reduction of surface impurities is quantified in the
washing and deliquoring performance studies. In practice,
washing and deliquoring are inseparable from filtration, as
they often occur consecutively in a single equipment unit
such as a rotary vacuum filter, a belt filter, or a centri-
fuge. Models for the filtration, washing, and deliquoring
steps can be used to provide scale-up predictions based
on the results of small-scale experiments. The values of
model parameters, such as cake permeability, filter me-
dium resistance, and diffusivity, which are difficult to
predict, will be determined experimentally. The details are
explained later.
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Figure 7. The number of fine particles (1-46 um) and large particles (46-1000 um) as a function of time at different

cooling rates.

(2) Run 6 at 0.05°C min™", (b) Run 7 at 0.1°C min" ", (c¢) Run 2 at 0.5°C min™", (d) Run 8 at 1°C min"", (¢) Run 9 at 2°C min"", and
(f) Run 10 at 3°C min~ . [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Filtration, washing, and deliquoring models
The basic model for filtration at constant pressure is

r poc UR,

vV 2A2Ap AAp’

6]

here V is the total filtrate volume collected at time ¢, Ap
is the pressure drop, u is the filtrate viscosity, o is
the specific cake resistance, ¢ is the mass of solids
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deposited in the filter per unit volume of filtrate, A is the
filtration area, and R,, is the filter medium resistance. As is
common in practice, o and R, are calculated from
the slope and intercept, respectively, of the plot of #V
against V.

By solving Eq. 1, in terms of total filtrate volume, design
equations for specific types of equipment can be derived.
For example, for a continuous belt filter, the filtrate flow rate
gr can be expressed as
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where v is the linear speed of the moving belt, w is the belt
width, and Lg is the length of the belt section dedicated to
filtration. The same equation can be used for a continuous
rotary drum filter by substituting

V= wr 3)
LF = 01:1‘ (4)

where o is the angular speed of the drum, r is the drum radius,
and Op is the angle corresponding to the drum section
dedicated to filtration. Design equations for a horizontal
basket centrifuge, which take into account the dependence of
Ap on the dimensions and rotational speed of the equipment,
have been developed by Chan et al.” Once the cake and filter
medium resistances have been obtained from small-scale
experiments, these design equations can be used to predict the
performance of the large-scale equipment.

Models for displacement washing, which is achieved by
spraying wash liquid on top of the wet cake after filtration to
displace the impurity-containing residual liquid from the
pores of cake, have been developed by Wakeman and Tarle-
ton.° When the residual liquid content during washing is
constant (that is, when the wash liquid flow rate equals the
filtrate flow rate leaving the cake), the concentration of an
impurity in the wash liquid effluent is related to the amount
of wash liquid via the expression

® = d(W,D,) 5
where

¢ — ¢
o= 6
b0 — It ©

_ PrLgwiw
W = 7mon @)

ux

In Eq. 6, ® is the dimensionless wash liquid concentra-
tion, ¢, ¢o, and ¢ are the impurity concentrations in the
wash liquid effluent, residual liquid before washing, and
wash liquid feed, respectively. The wash ratio W is defined
in Eq. 7, where pp and ¢y are the density and flow rate of
the wash liquid, respectively, tyw is the washing time, mg is
the mass of solids, and X, is the residual liquid content or
wetness of the cake (i.e., the weight ratio of liquid to solids).
Equation 8 defines the dimensionless dispersion number D,,,
which depends on the linear velocity of filtrate u# and the
axial diffusivity Dy as well as on cake thickness x and
porosity ¢. Although curves of ® vs. W for various values of
D, are available in the literature,® estimating the value of D,
is difficult. A practical approach is to perform washing
experiments to obtain an empirical expression of ® vs. W
for the particular cake being washed. Assuming an even
cake thickness and uniform wash liquid distribution over the
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cake in the bench-scale unit as well as in the large-scale
equipment, the results can be used for scale up and design.
For example, in a continuous belt filter, mg/tw in Eq. 7 can
be replaced by the solids flow rate, and the impurity concen-
tration after washing with a given wash liquid flow rate can
be calculated. Furthermore, to keep the wash liquid flow rate
the same as the filtrate flow rate, the length of the belt sec-
tion over which the wash liquid Ly is distributed can be
determined by calculating the required washing time from
Eq. 1, replacing ¢, V, and A with tw, gwtw, and W - v - ty,
respectively.

Deliquoring can occur as a result of two mechanisms:
compaction, in which the contraction of a wet cake squeezes
out a portion of the residual liquid; and desaturation, in
which the residual liquid is removed by sucking or blowing
gas through the cake. Compaction can be described by an
empirical correlation between cake porosity and pressure
difference such as

e =¢(Ap)", 9

as the reduction in residual liquid content can be attributed to
the decreasing porosity as a result of compaction. A
fundamental model for desaturation taking into account the
two-phase flow of gas and liquid through a porous medium is
available.” It can be solved to obtain easier-to-use correla-
tions—the parameters of which include system-related proper-
ties, such as cake porosity, particle size, and solid—liquid
interfacial tension—that allow the calculation of residual
liquid content as a function of deliquoring time. In practice,
however, we suggest that the curve of residual content vs. time
at different levels of Ap be obtained experimentally, which is
then used to determine the required deliquoring time to
achieve the final wetness target at a given Ap. Scale up
predictions can be made using experimental results obtained
using a similar cake and at the same Ap as expected in the
actual equipment.

Generic experimental design

The model parameters are highly system-dependent, care
should be taken to perform the bench-scale experiments
using materials that are practically identical to the actual
materials to be handled in the large-scale process. In particu-
lar, the particle size distribution of the solids, which strongly
affects the cake porosity and permeability, needs to be as
similar as possible. If feasible, plant slurry should be used in
this study and the same filter cake should be used
throughout the consecutive filtration, washing, and deliquor-
ing experiments. Table 5 summarizes the guidelines for
designing filtration—washing—deliquoring experimental setup
and procedure.

Such a design is shown in Figure 8. Slurry, mother liquor
obtained by filtering out the crystals from the slurry, and
wash liquid are stored in separate containers, and their tem-
peratures can be maintained by external oil circulation sys-
tems. Filtration, washing, and deliquoring take place in a
jacketed filter funnel that is connected to the temperature
bath. The conical flask under vacuum is placed underneath
the funnel to collect the filtrate. A measuring cylinder inside
the flask is used to measure the filtrate volume. The jacketed
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Table 5. Guidelines for Performing Filtration-Washing—
Deliquoring Experiments

Slurry preparation

o If possible, use crystals from the pilot plant or the industrial plant
so that realistic filter cake properties could be obtained.

o If plant samples are not available, the slurry should be made up
with crystals of similar particle size distribution.

e Avoid large temperature change when transferring slurry from
slurry vessel to filter.

Filtration experiments

e The setup should allow using the same filter used throughout the
consecutive filtration—washing—deliquoring experiments.

e The pressure difference could be provided by vacuum, high
pressure air, or nitrogen.

Washing experiments

e Wash liquid and make-up mother liquor should be kept at the
washing temperature.

e A spray could be used to deliver the wash liquid evenly on the
cake.

o Cake thickness should be measured before and after washing.

e To maintain constant wetness, the flow rate of wash liquid should
be kept to be the same as the filtrate flow rate.

e The tubing that delivers the wash liquid to the filter cake should be
well-insulated to avoid heat loss.

Deliquoring experiments
e A stainless steel filter could be used for high-pressure operations.

vessel for storing the wash liquid is connected to the top of
the filter funnel by silicone tubing wrapped with fiber glass
to avoid heat loss. A peristaltic pump transfers the wash lig-
uid at a constant rate to the filter cake. To avoid accumula-
tion of wash liquid on the filter cake, the wash liquid flow
rate is maintained to be the same as the filtrate flow rate for
the specified pressure difference. During washing experi-
ments, wash liquid effluent is collected from time to time
such that its composition at different wash ratios could be
measured. Deliquoring is achieved by shutting off the peri-
staltic pump. For high-pressure experiments, as mentioned
earlier, the glass filter in Figure 8 could be replaced by a
stainless steel filter shown in Figure 4d. Pressurized and tem-
perature controlled air is passed into the filter to provide the
driving force for filtration, washing, and deliquoring. It is
possible to use nitrogen gas instead of air for air-sensitive
systems.

Case study—Ascorbic acid process

Materials and Experimental Setup. In the absence of the
actual slurry from a large-scale crystallizer, fresh ascorbic
acid crystals were mixed with a solution having the same
composition as the expected mother liquor from crystalliza-
tion. The make-up slurry was prepared using 16 g of fresh
ascorbic acid crystals and 84 g of mother liquor containing
18.55 wt % AsA, 435 wt % OxA, 4.35 wt % 2-Fur, and
7275 wt % solvent (ethanol/water 50/50), which gives a
magma density of 0.16 (kg of solids/kg of total slurry). All
chemicals were from the same sources as those used for the
inclusion experiments. As the slurry was near room tempera-
ture and crystal growth of the ascorbic acid was slow in
response to temperature drop, the original design for filtra-
tion—washing—deliquoring experiments in Figure 8 was used.

Experimental Procedure. At the beginning of the filtra-
tion experiment, the jacketed filter funnel was preheated to
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the crystallization temperature, which was 28°C for all the
runs in this study. The slurry was then poured into the filter
funnel and the vacuum pump was turned on, keeping the
pressure difference constant at 10 kPa. The entire filtration
process was videotaped so that the volume of filtrate col-
lected in the measuring cylinder over time was recorded.
In this case, the final filtrate flow rate of 0.1 ml s~' was
measured.

The cake from the filtration experiment was used in the
subsequent washing experiment. As the cake was almost dry
at the end of the filtration experiment due to prolonged
application of vacuum, fresh mother liquor had to be added
to obtain a filter cake with the desirable cake wetness. To
imitate the condition at the end of an actual filtration pro-
cess, 60 ml of mother liquor was poured onto the filter cake
and the excess was removed under a vacuum of Ap = 10
kPa. By monitoring the amount of mother liquor, the cake
wetness was determined to be 0.18. As soon as the liquid
level reached the cake surface, both the peristaltic pump and
the vacuum pump were started at the same time. The flow-
rate of wash liquid, which has the same density as that of
mother liquor, was maintained at 0.1 ml s~ L. This value was
the same as the final filtration flowrate recorded in the filtra-
tion step. Seven fractions of the wash liquid effluent were
collected in seven 100-ml conical flasks at 6, 11, 19, 23, 27,
31, and 38 s after the washing started, corresponding to
wash ratios of 0.2, 0.4, 0.7, 0.8, 1.0, 1.1, and 1.4, respec-
tively. These fractions were analyzed using HPLC. Only
washing performance with respect to oxalic acid was investi-
gated, as 2-furaldehyde because of its volatility was expected
to be removed during drying.

The deliquoring experiment immediately followed the
washing experiment. The same wet cake in the filter funnel
was used. In the first run, the liquid in the wet filter cake
was sucked out under the same vacuum level as in the wash-
ing experiments (Ap = 10 kPa). Similar to the filtration
experiment, the entire process was videotaped and the vol-
ume of liquid collected in the measuring cylinder was
recorded from time to time. The residual liquid content in
the cake was calculated from material balance. To investi-
gate the effect of vacuum level on deliquoring performance,
the procedure was repeated to perform two more runs with
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Figure 8. A bench-scale experimental setup for the
filtration, washing, and deliquoring experi-
ments.
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Figure 9. A plot for determining the specific cake
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[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Ap of 6.7 and 13.3 kPa. The filter cake was made up to the
same wetness at 0.18 by carefully adding the corresponding
amount of wash liquid into it before a new deliquoring
experiment began.

Results. Figure 9 shows a plot of #/V vs. V obtained from
the results of the filtration experiment. The filtrate viscosity
was measured to be 0.0204 Pa s, the filter area was 0.0013
m?, and ¢ was 203 kg m 2. From the slope and intercept, o
=1.85 x 10° mkg ' and R, = 4.28 x 10* m~'. A final fil-
trate flow rate of 0.1 ml s~' was measured. The washing
performance in terms of dimensionless wash liquid effluent
concentration of OxA vs. wash ratio is plotted in Figure 10.
The overall trend of this curve can be captured using a two-
parameter model

1
¢= a+ (1 —a)exp(bW) (19)

Fitting the experimental data to the model, the parameters
a and b were determined to be —1.58 x 107> and 1.21,
respectively. Note that this is not only the expression that
can be used to fit the data, but also the most suitable model
to represent the data may differ from system to system. The

- 100+
h= 1
" | b= - :
E 080 158107 +{141.58107 Jexp(1.201)
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Figure 10. Dependence of the dimensionless concen-
tration of oxalic acid on wash ratio.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 11. Dependence of wetness of filter cake on deli-
quoring time at difference AP values.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

results of the deliquoring experiments are shown in
Figure 11. Clearly, the required deliquoring time to achieve
a given cake wetness depends on Ap. In general, a higher
Ap would lead to a lower wetness at the same deliquoring
time. The flat portion of the curves at long deliquoring time
represents the irreducible saturation.

Conceptual Design

The crystallization and downstream processes can be syn-
thesized using the systematic procedure proposed by Chang
and Ng.8 Rules and heuristics are provided for determining
the required unit operations, the destinations of the reaction
solvent, mother liquor, wash liquid, recrystallization solvent,
and drowning-out solvent, if any. One of the key considera-
tions is whether recrystallization is needed. If inclusion impur-
ities can be kept below the product specification by modifying
the crystallizer design or manipulating the operating condi-
tions, no recrystallization is needed. Washing and deliquoring
alone can be used to provide an on-spec final product. When
the amount of inclusion impurities is above product specifica-
tion, recrystallization is essential. For each conceptual design,
material balance of the overall process is performed to iden-
tify potential trade-offs. For example, it may be possible to
meet the desired purity specifications using two crystallization
stages with a relatively high per-pass yield in each step or
using just one stage but with a much lower per-pass yield as
well as better washing and deliquoring.

Case study—Ascorbic acid process

Scenario I: Single Crystallization Stage. Based on the
results of inclusion study shown in Figures 6a, b, it is possi-
ble to keep 2-furaldehyde concentration below the specified
maximum of 50 ppm as long as the yield of crystallization
does not exceed 55%. As the oxalic acid concentration is
also below the maximum level of 1000 ppm for all tested
crystallization conditions, it is possible to meet the product
specifications without a recrystallization step.

The process flow sheet for this scenario is shown in
Figure 12. The reactant p-glucose and the reaction solvent
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Figure 12. The Scenario | flow sheet for the ascorbic
acid crystallization and downstream process.

(50 wt % ethanol in water) are fed to the reactor (R) to pro-
duce ascorbic acid. The conversion of p-glucose is close to
100%. For this case study, we assume D-glucose reacts com-
pletely in one pass and thus recycle of the reactant is not
considered. The reaction effluent is fed to the crystallizer to
recover pure AsA. The slurry from the crystallizer (C1) goes
through the filtration (F1), washing (W1), and deliquoring
(DL1) steps. The filtrate is sent to the concentrator (CON)
and its concentrate is recycled to the crystallizer. The solvent
from the concentrator is sent to the solvent recovery system
(SRS). A saturated solution of ascorbic acid in the solvent
(ethanol) is used as wash liquid. This wash liquid is prepared
by dissolving part of product AsA and delivered to the wash-
ing unit from the wash liquid (WL) tank. After washing, the
filter cake further goes through deliquoring and drying
(DRY) to give the final product. The effluent streams from
washing, deliquoring, and drying are sent to the solvent re-
covery system. The details of treating the azeotropic etha-
nol—water solution will not be discussed in this article. From
the solvent recovery system, one stream is returned to the
solvent tank (SOL) and another one that contains ethanol is
sent to the wash liquid tank. Impurities are purged to avoid
accumulation in the system.

Assuming that the crystallizer is operated under the same
conditions as Run 2 in the inclusion study, product crystals
with 650 ppm OxA and 30 ppm 2-Fur as impurities are pro-
duced. To meet the product specifications, the maximum
amount of OxA and 2-Fur as surface impurities must not
exceed 350 ppm and 20 ppm, respectively. As 2-Fur is vola-
tile and removable by the drying process, only OxA is con-
sidered in the subsequent analysis.

For simplicity, only a selected section of the flow sheet in
Figure 12 (Streams 1-10) is considered for material balance
(Table 6). The slurry from the crystallizer to the filter
(Stream 1) contains 329.9 kg h™' liquid and 40 kg h™"' sol-
ids. From the results of the filtration experiments, if a vac-

uum level of 10 kPa is chosen, the wetness of the filter cake
is 0.184 and the liquid flow rate in Stream 2 is 7.4 kg h™".
With the assumption of constant wetness throughout wash-
ing, the liquid content in Stream 4 also equals 7.4 kg h™".
The amount of wash liquid is 7.4 x W kg h™!, where W is
the wash ratio, which is defined as the mass ratio of wash
liquid to mother liquor content in the filter cake (Eq. 7).
Applying the same vacuum level of 10 kPa for deliquoring,
the final wetness after deliquoring is 0.127, as shown in
Figure 11, and thus the liquid flow rate of 5.1 kg h™' for
Stream 7 is calculated. To achieve a final impurity content
of 1000 ppm in the AsA product, assuming that all solvent
and 2-Fur is removed during drying, the required yoxa7 1S
2763 ppm. As yoxa7 = Yoxa8 = YoxAd» Yoxa4 Can be calcu-
lated as a function of W using the empirical washing model
(Eq. 10). As a result, to meet the target of yoxa7; = 2763
ppm, the minimum value of W is 2.00.

Different inclusion levels may result from changes in crys-
tallization conditions in subsequent design stages or in the
actual plant, and different purity specifications may come
from changes in marketing strategies or special requirements
from the customer. With the models and correlations repre-
senting the inclusion and filtration—washing—deliquoring per-
formances in place, it is straightforward to determine the
required wash ratio for the different cases. Figure 13 shows
the wash ratio required to meet a product purity target
(1000, 750, and 500 ppm) for various values of OXA inclu-
sion level. In general, the required wash ratio increases
sharply as the impurity inclusion level approaches the target
impurity level in the final product. For instance, if the target
specification is tightened to 750 ppm, and the inclusion level
stays the same at 650 ppm, a wash ratio of 2.9 would be
needed. On the other hand, if the inclusion level of OxA can
be reduced to 500 ppm by further adjusting the operations of
crystallization, a wash ratio of 2.4 is sufficient to achieve the
product specifications of 750 ppm.

Scenario II: Multiple Crystallization Stages. Another pos-
sible scenario is that the inclusion impurity level in the first
crystallization stage always exceeds the final product specifi-
cation, regardless of the crystallization conditions. For exam-
ple, the experimental data indicate that if the specifications of
OxA and 2-Fur were 50 ppm and 5 ppm, respectively, vary-
ing the crystallization conditions within the acceptable range
will not result in an inclusion level below the target. There-
fore, the only way to meet the specifications is to dissolve the
crystals in a fresh solvent, and recrystallize the product from
the solution. As the impurity concentration in this solution
will be lower than in the previous crystallization stage, a
lower inclusion level in the solids can be expected.

Figure 14 shows the process flow sheet for this scenario,
in the case of three crystallization stages. After the first

Table 6. The Stream Table for the Filtration-Washing—Deliquoring Section of the Ascorbic Acid Plant in Figure 12

Streams 1 2 3 4 5 6 7 8 9 10
L; (kg hh 329.9 7.4 322.6 7.4 14.7 14.7 5.1 2.3 - 5.1
Yoxa.i (ppm) 44,768 44,768 44,768 2763 13,831 0 2763 2763 - 0
Y2-Fur; (PPM) 44,843 44,843 44,843 2768 13,854 0 2768 2768 - 2779
S; (kg hh 40 40 0 40 0 0 40 0 40 0
Xoxa.i (ppm) 650 650 - 650 - - 650 - 1000 -
X2-Fur; (PPM) 30 30 - 30 - - 30 - 30
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Figure 13. The wash ratio required to meet product pu-
rity target for a specified inclusion impurity
content.

filtration—washing—deliquoring train (F1-W1-DL1), the solids
(Stream 8) are sent to the second crystallization stage, which
consists of dissolver DSI1, crystallizer C2, and filtration—
washing—deliquoring train F2-W2-DL2. Stream 18 is then
sent to a dissolver DS2 and then the third crystallization
stage (C3-F3-W3-DL3) before finally reaching the dryer
(DRY). The recycling pattern can be extended when more
crystallization stages are required according to the rules for
process synthesis.8 Outlet streams from a later crystallization
stage (with lower impurity content) are recycled to an earlier
crystallization stage (where the impurity content is higher)
as either dissolving solvent or wash liquid. For example, the
wash liquid effluent from W2 (Stream 16) and liquid effluent
from DL2 (Stream 19) are used as the wash liquid for W1,
as they contain considerably less impurities compared with

Make-up solvent

the mother liquor from CI1. Similarly, Streams 26 and 29
serve as the wash liquid for W2. Fresh or regenerated wash
liquid contains the least amount of impurity is used in W3
to ensure the highest product purity. Also, the filtrate from
F3 (Stream 24) can be recycled to DS1 as dissolving solvent.
Fresh or regenerated solvent containing the least amount of
impurity is used as dissolving solvent for DS1 and DS2.

Clearly, the required number of crystallization stages
depends on the inclusion behavior and filtration—washing—
deliquoring performance in each stage. Particularly important
is the inclusion reduction ratio in each crystallization stage
(€.g., X0oxa2/YoxA,1s YOxa,12/Y0xA,100 XOxa22/Yoxa20)- Inclu-
sion study, washing, and deliquoring experiments must be
conducted for each stage.

Equipment Targeting

The experimental results, models, and correlations
obtained from the washing and deliquoring performance
studies are used for scale up, as long as similar cake proper-
ties can be expected in the large-scale unit. Coupled with the
overall material balance model, they can be used to target
the specifications of the solid—liquid separation equipment,
such as a rotary vacuum filter, belt filter, or a centrifuge. In
this way, the search for a suitable equipment unit can be
limited to a much narrower field. For example, if it is desira-
ble to remove more surface impurities, a centrifuge that is
capable of reducing the residual liquid content to 5-7% may
have to be used instead of a rotary vacuum filter that tends
to offer a 20-30% content. Furthermore, design specifica-
tions for selected equipment can also be targeted. For exam-
ple, the required length of a continuous belt filter, which
consists of filtration, washing, and deliquoring sections, for
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Figure 14. The Scenario Il flow sheet for the ascorbic acid crystallization and downstream process with re-
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Figure 15. Variation of the filter lengths for filtration,
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belt speed for different AP values of (a) 6.7
kPa, (b) 10 kPa, and (c) 13.3 kPa.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

the desired production rate can be determined for various
values of filter belt speed and Ap. In selecting the appropri-
ate speed, it is important to note that cake thickness strongly
depends on the filter belt speed.

Case study—Ascorbic acid process

Figure 15 shows the calculation results for the filter lengths
for filtration, washing, and deliquoring for the ascorbic acid
example, with a production rate of 40 kg h™' and belt width
of 0.4 m. In general, a slower filter belt speed corresponds to
a longer filtration time and a thicker cake to achieve the
desired production rate. The washing time with the same
wash ratio will also be longer as the wash liquid effluent flow
rate out of the cake becomes smaller with the thicker cake.
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However, as deliquoring time is not a strong function of cake
thickness, a shorter deliquoring section is sufficient. It can be
seen in Figures 15a, b that this tradeoff leads to an optimum
speed that minimizes the total filter length. Although vendors
normally supply belt filters with standard dimensions and
specifications, the calculated values should provide a good
reference for picking the most suitable unit.

Conclusions

This research was motivated in part by the fact that most
academic studies in the process systems engineering literature
do not emphasize the role of experiments in process synthesis.
Although it might be possible to synthesize a distillation sys-
tem using correlations from a thermodynamic database, it is
difficult to synthesize a complete process, which requires
reaction kinetics, crystallization kinetics, filtration perform-
ance, and other process parameters that are hard to predict
from theories alone. Also, as discussed previously,'® a hierar-
chy of models should be used to correlate these data. Short-
cut models often capture enough of the relevant physical and
chemical phenomena for process synthesis24 whereas detailed
models can provide additional insights. Another motivating
factor is the absence of discussions on how experiments, mod-
eling, and synthesis should be integrated. In our experience,
these efforts should proceed sequentially as well as concur-
rently in an iterative manner to be effective.

To systematize these tasks for process development, a
number of commonsensical concepts have been articulated
in this article. These include the multi-level hierarchical
objective-time chart for promoting the transparency of the
organization of an R&D project and the execution of its var-
ious tasks in parallel, and the workflow diagram for signify-
ing the key iterative loops. The tasks in process development
are performed using the RAT*IO module in an attempt to
make plain the activities, resources, etc. that are involved in
completing such a task. These tasks can be referred to as
unit tasks to reflect their roots in unit operations in chemical
engineering. Obviously, a unit task becomes a unit operation
if one only focuses on the chemical engineering principles
of the unit. For example, subobjective 2.3 in Figure 1, study
of washing and deliquoring, involves all the management
issues as well as the corresponding unit operation models.

To carry out the necessary tasks efficiently, it is crucial
that the experimental setups are categorized and the appro-
priate level of modeling is specified. As these tasks are do-
main-specific, they are illustrated by the management of im-
purity in a crystallization process, which involves down-
stream processing units such as filtration, washing, and
deliquoring. The heuristics and know-how that have been
accumulated over a number of years are summarized for the
users of this approach. The activities or tasks are purpose-
fully scheduled in an objective-time chart (Figure 1) whereas
the iterative nature of the technical tasks is captured in a
workflow diagram (Figure 16). The technical activities start
with SLE study to identify the crystallization region in the
phase diagram to avoid cocrystallization. Inclusion experi-
ments are carried out under a specified set of crystallization
conditions. The filtration—washing—deliquoring experiments
as well as data regression follow. All of this information is
used in process conceptualization in which different process
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alternatives are generated. Often, product specifications, flow Ly, = length of washing section, m .
rates in the process streams or process economics would L; = mass flow rate of liquid for stream /, kg h
. . " . ms = mass of solids, kg
point to an alternative that needs additional experimental - >
. .. . . . n = empirical model parameter for Eq. 9.
investigation, be that SLE data, inclusion behavior or wash- Ap = pressure difference, Pa
ing data. ¢r = volumetric flow rate of filtrate, m® s’l3 1
Although the workflow described here closely imitates the gw = volumetric flow rate of wash liquid, m” s~
real situation in industrial process development projects, it is r = radius of rotary drum filter, m
R . R,, = medium resistance, m
not meant. to offer a fixed soluFlon' to FhlS type of problems S; = mass flow rate of solids for stream i, kg h™!
for any given system. Rather, it highlights the key compo- ¢t = time, s
nents around which an R&D organization can define its own tw = washing time, s
workflow that best suits its needs, objectives, and expertise. Tery = temperature of crystallization, °C
Properly executed, significant savings in terms of the Taiy = temperature of dissolution, °C
P . Y . i g g . . AT = temperature difference, °C
required time, effort, and money can be realized in the syn- u = filtrate flux, m s~ !
thesis of crystallization downstream processes. Effort in v = linear speed of moving filter belt, m s~
extending this approach to other generic processes is under V = filtrate volume, m”
way w = filter width, m
’ W = wash ratio
x = cake thickness, m
Xy = cake wetness, kg of liquid per kg of dry cake
ACKnOWIedgment Ya-rur; = 2-furaldehyde concentration in liquid phase of stream 7, ppm
Research support of the Research Grants Council (Grant Yoxa. = oxalic acid concentration in liquid phase of stream 7, ppm
HKUST618207) is gratefully acknowledged. Xp.pur; = 2-furaldehyde concentration in solid phase of stream i, ppm
Xoxa,; = oxalic acid concentration in solid phase of stream i, ppm
Notation Greek letters
a = empirical model parameter for washing o = specific cake resistance, m kg™
A = filter area, m” & = porosity )
b = empirical model parameter for washing & = original porosity of the filter cake
¢ = mass of solids per unit volume of filtrate, kg m3 ¢ = solute concentration of wash liquid effluent, ppm
Dy = axial diffusivity, m® s~ ¢¢ = solute concentration in wash liquid feed, ppm
D,, = dimensionless dispersion number ¢o = solute concentration in residual liquid prior to washing, ppm

Lr = length of filtration section, m
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O = dimensionless wash liquid effluent concentration
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1 = filtrate viscosity, Pa s

Ok = angle corresponding to filtration section in a rotary drum filter,
rad

p = density, kg m™~

o = angular speed of rotary drum filter, rad s~

3
1

Subscripts
S = solid
L = liquid

i = stream number
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