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Abstract: Waste generated during regeneration of Ion Exchanger (IX), used for deionizing water,
needs to be neutralized before it can be discharged back to a clean water source. An efficient and
novel process is disclosed that minimizes the neutralization volume and chemicals required for
pH adjustment. The currently employed neutralization setups in the industry are environmentally
unsustainable. Various neutralization setups were studied for treating waste generated from IX
regeneration. From the collected plant data, the treatment requirements of waste streams generated
during regeneration of IX beds were analyzed. An efficient neutralization setup was developed to
lower the operating and capital costs by eliminating the need of some equipment and by lowering
the neutralization volume. The new process results in considerable savings compared to currently
used processes in the industry and is environmentally benign. The improved neutralization setup
proposed in this work has achieved a 63% reduction in volume of IX regeneration waste stream; a
62% reduction in the capital cost; 23% reduction in chemical usage; and a 55% reduction in operating
cost. The achieved improvements are quite significant, which are bound to immensely benefit the
chemical industries that require demineralized water for their operation.

Keywords: neutralization; ion exchange; regeneration; debottlenecking; utilities

1. Introduction

Demineralized water is required in almost all chemical manufacturing facilities either
to produce steam or for process operations. If the water used in the boilers is not deminer-
alized, it can cause scaling and eventually damage boiler tubes [1,2]. Demineralization
process uses ion-exchange (IX) technology which primarily removes dissolved mineral
solids [3]. IX beds consist of a cation and an anion resin bed. IX resin comprise of ionic
functional groups, like Na* and CI~ supported on organic polymeric beads [4-6]. These
functional groups have an affinity for ions of opposite charge in the liquid stream. IX
reaction involves replacement of contaminant ions from the stream with either H* or OH™~
ions, as shown in Equations (1) and (2). The cation resin bed removes cations, such as
manganese (Mn?"), magnesium (Mg?*), potassium (K*), calcium (Ca?*), and iron (Fe3*)
from the water. The anion resin bed removes anions like carbonates (CO32~, HCO3 ™),
sulfate (SO427), nitrate (NO3~), and chloride (C17). Examples of IX reactions are shown
below, where R represents polymeric IX beads

R-H* + Cation (Ca®*) — R-Ca®* + Soft Water (H") 1)

R-OH™ + Anion (CI7) — R-Cl™ + Soft Water (OH™) )

Processes 2021, 9, 1285. https:/ /doi.org/10.3390/pr9081285

https:/ /www.mdpi.com/journal /processes


https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-2959-889X
https://orcid.org/0000-0003-0251-1739
https://doi.org/10.3390/pr9081285
https://doi.org/10.3390/pr9081285
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pr9081285
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr9081285?type=check_update&version=1

Processes 2021, 9, 1285

20f12

A twin bed IX system, which consists of a column packed with cation resins and
a column packed with anion resins, is commonly used to achieve moderate quality of
demineralization of water. The twin bed is regenerated using brine [6]. During the
regeneration step, Ca** or Na™ ions attached to the cation resin bed are replaced with
the H* ions from H,SO; resulting in formation of CaSO4 or NaySO; in the waste stream.
Similarly, C1~ or NO;~ ions attached to the anion bed are replaced by OH™ ions from
NaOH to form NaCl or NaNOj3 wastewater stream. Regeneration reactions of IX beds are
shown in Equations (3) and (4). The process of regeneration creates basic and acidic waste
stream that needs to be treated before disposal. The waste stream is collected in a tank
and neutralized with acid and base chemicals to reach a desired pH before disposing the
neutralized waste.

R-Ca®* + H,SO4 — R-H* + Waste water (50427) ®)

R-CI™ + NaOH — R-OH™ + Waste water (C17) 4)

The conventional regeneration step produces large quantities of neutralization waste
volume which requires large quantity of chemical to adjust the pH and also larger volumes
of reactors for the process. The large volume of waste stream takes longer neutralization
time. Furthermore, inefficient mixing in large volumes cause fluctuations in pH adjust-
ments. In the specific industrial project that the authors were involved in, expansion of
existing IX process was nearly impossible due to space limitations for the conventional
neutralization process in the current facility [7]. Therefore, there was a need to optimize
the neutralization methodology so that larger volumes can be handled without significant
requirements of space, increases in costs, and volume of waste streams. There is a great
need for debottlenecking methods and optimization of existing neutralization setups in the
industry that have not been addressed as yet [8-11].

This paper reports a novel approach that was developed for improving the economic
efficiency and environmental friendliness of the regeneration process via IX beds. The new
approach is based on the idea that the waste streams from the cation and anion regeneration
that were strong in acid and base concentrations can be used to self-neutralize themselves
and then their pH can be finely adjusted to the desired levels of 6-8 pH required by state
regulations. The overall quantities of acid or caustic needed for neutralization are reduced.
In this paper, different neutralization processes are discussed, and the most efficient process
is identified. To our knowledge, the cost-effective neutralization process discussed in this
work has not been reported before. We consider that our approach fills an important
research gap in designing an efficient neutralization process for IX regeneration streams.

Parameters such as inefficient mixing, long neutralization time, excessive volume of
IX regeneration streams, and their environmental impact [12-15] are the main drivers of
this research. By reducing the neutralization volume, other associated problems, such
as inefficient mixing and long neutralization time, also gets addressed effectively. This
work presents an analysis of various IX regeneration waste streams to come up with an
efficient and cost-effective way of selecting and treating the selected waste streams to
achieve an improved neutralization process. Additionally, a more environmentally friendly
setup is proposed by reducing the quantity of acid and base required and changing the
neutralization setup from below ground to above ground. The selected streams also enable
quicker and easier neutralization thereby reducing the time required for neutralizing the
waste streams.

By picking selective regeneration streams, efficient designing of acid and caustic
controls, and pH measurement, the overall quantities of acid and caustic needed for the
neutralization process was reduced. Efficient mixing of the IX regeneration waste streams
is difficult to achieve as has been discussed previously. As per the prior works [16-18], a
small addition of alkaline reagent to dilute streams can result in a large change in pH, and
so it is easy to overshoot or undershoot the desired pH value while neutralizing waste
streams, if proper mixing is not achieved.
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In the industrial project executed by the authors, the existing below ground neutralization
pit was limited by volume, and so several above ground neutralization setups were studied.

2. Methods and Processes Used
2.1. Existing Regeneration and Neutralization System

In the existing system, the regeneration streams from the cation and anion beds are
directed to a below ground neutralization pit for treatment with concentrated streams of acid
or base to adjust the pH in the range of 6-8. The total combined volume of waste generated
during regeneration of the cation and anion bed assembly is roughly 193 m3 /h. The below
ground pit of the existing neutralization setup had an effective volume of 71.92 m®. Since the
volume of the pit is smaller than the volume of the IX regeneration effluent the neutralization
setup had to be halted to process the effluent streams. This added considerable time to the
overall process and reduced IX generation capacity. The neutralized waste from the pit is
pumped to an outfall after pH adjustments. This neutralization is done in one step with
mixing achieved by air sparging in the pit. Control valves are used to control the acid /base
flows to this pit depending on the pH set point.

2.2. Neutralization Waste Volume Optimization

Regeneration of cation and anion beds in the new neutralization process involves
several steps as shown in Table 1. For the cation bed, 2% regeneration, 5% regeneration, and
slow rinse steps utilize an acidic chemical and other steps such as backwash and fast rinse
consist of water as inlet. For the anion bed, 5% regeneration and slow rinse steps utilize a
basic chemical and other steps such as warm up, backwash, and fast rinse use water. In
the conventional neutralization setup, all the streams shown in Table 1 are directed to a
neutralization setup for neutralization before sending back to freshwater source. While
optimizing the neutralization setup it was decided to analyze each of the streams shown in
Table 1. pH measurement of the below streams from cation and anion beds was performed
and was found to be near neutral. These streams are designated as dilute streams.

Table 1. Cation and anion bed regeneration step summary.

3  Flow Rate Required

Regeneration Step Step Time, Minutes Effluent Volume, m for the Step, m3/h
Cation-bed
Backwash 15 19.87 79.49
2% Regen 27.5 20.82 4542
5% Regen 275 8.12 17.72
Slow Rinse 55 16.24 17.72
Fast Rinse 45 37.48 49.97
Total 170 102.53
Anion-bed
Warmup 15 3.97 15.90
5% Regen 46 12.19 15.90
Slow Rinse 60 14.76 14.76
Backwash 15 9.65 38.61
Fast Rinse 49.97
Total 136 90.55

e Cation backwash
e Cation fast rinse
e  Anion warmup
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e  Anion backwash
e  Anion fast rinse

pH measurement of the below streams showed high concentration of acid or base
suggesting the need for neutralization. These streams are designated as concentrated streams:

Cation 2% Acid Regen
Cation 5% Acid Regen
Cation Slow Rinse
Anion 5% Base Regen
Anion Slow Rinse

During the regeneration cycle, it is proposed that dilute regeneration streams are not
required to be directed to a neutralization setup and can be sent to a common outfall which
is monitored closely before sending to a ditch. The ditch is directed to the original water
source. Based on analysis of the effluent streams, it was decided to send the concentrated
streams for waste treatment in the proposed neutralization setup.

Based on this evaluation the volume of waste stream that required neutralization was
reduced from 193 m3/h to 71.92 m3/h by removing the processing requirement of the
dilute streams. This is a 62% reduction in waste stream that required treatment.

2.3. Chemicals Used in the Regeneration Process

Existing cation and anion bed exchangers run in series to remove cations and anions
from a water stream to produce deionized water. When the resins within the exchangers
are saturated with ions, the system needs to be regenerated. To regenerate the system, a
flow of 2% H»SO4 and 5% H,SO4 by weight solution is run through the cation bed and a
5% by weight NaOH solution is run through anion bed. The effluent from the regeneration
is sent to neutralization process.

2.4. Cost Estimation Basis

AspenTech Capital Cost Estimating (ACCE) version 11 software has been used to
estimate cost of equipment such as pumps, tanks, and eductors.

2.5. Equipment Power Calculations

The power consumption of equipment such as pumps and agitators is estimated in
the ASPEN Hysys version 10 software. All the equipment is assumed to be 70% efficient
for the cost comparison purpose.

2.6. Estimation of Cost of Power Required

The cost of horsepower is estimated based on the cost of industrial electricity in gulf
coast location, and with the assumption of 8500 h of operation. The estimated costs are
compared for the setups provided.

Industrial energy rate = 10.86 cents /kwh

Cost = 10.86 x power in kw x 8500 x 0.01 = USD (5)

2.7. Chemical Usage

The chemical usage for different setups is estimated to get a pH of 7 and based on a
simple material balance calculation.

2.8. Description of Various Neutralization Setups

To come up with the optimum design of the neutralization process, we analyzed many
alternatives. These are discussed below.

2.8.1. First Neutralization Setup

One of the neutralization setups studied has three 94.64 m? rubber lined carbon steel
neutralization tanks with agitators. Each tank has a pair of pumps to achieve the desired
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forward flow. Neutralization is performed in each tank in batch mode. To handle 71.92 m?
of neutralized waste from one regeneration, a total volume of 94.64 m® was chosen to have
three regenerations simultaneously plus some overfill margin added. The pump on each
tank can pump out either straight to disposal once the neutralization is complete or to the
next tank for further tuning of the pH.

2.8.2. Second Neutralization Setup

Considering the high capital and operating cost of the first neutralization setup shown
in Figure 1, to replace the existing below ground neutralization pit entirely, a new improved
neutralization setup was conceptualized.

Regeneration
Waste

Caustic J J

Disposal

<= Impeller

Q pump | @* - ﬂ* - @*

Neutralization tank No.1 Neutralization tank No.2 Neutralization tank No.3

Figure 1. First neutralization process. Neutralization is done in three tanks in parallel in batch mode.

A three-tank system was proposed as shown in Figure 2 with the idea that neutraliza-
tion can be done in different stages in a continuous fashion. The first stage neutralization
tank (new) would have a working volume of 75.71 m?3. This would allow for one regenera-
tion cycle to be run and store the entire volume of effluent produced from the concentrated
regeneration streams. This first stage neutralization tank would allow for mixing of the
strong acid and base effluent streams thereby self-neutralizing the regeneration streams
before any further pH adjustment. The tank would be mixed using mixing eductors which
saves energy as compared to the agitator assembly described in the first neutralization
setup. The pH would be constantly monitored and once an initial pH range of 3-11 is
achieved, the waste stream would be sent to the second stage neutralization tank. The first
stage neutralization tank would allow for any crude adjustment of the pH with metering
pumps. Once the desired pH is achieved in the first stage neutralization tank, the contents
from the first stage storage will be sent to the second stage. Proper monitoring of the pH of
the first stage is necessary to ensure that effluent flow from first stage does not overwhelm
the second and third stage tanks as their volumes are much smaller.
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Figure 2. Second neutralization process. Neutralization is done in a continuous manner with the three neutralization tanks
in series.

The second stage neutralization tank would have a working volume of 2.71 m?.
The tank would be mixed using eductors with a constant forward flow. The pH will be
monitored constantly using a small slip stream from the recirculating pump. This second
stage would adjust the pH to a range of 5-9. The second stage neutralization tank would
run with a constant forward flow rate of 79.45 m3/h. The third stage neutralization tank
is also run with a constant forward flow rate of 79.45 m3/h. When in the third stage
neutralization tank, pH will be controlled in the range of 6-8, a diverter valve would allow
the waste stream to exit to the outfall 1 shown in Figure 2. If the pH is outside of the
acceptable pH range the diverter valve would send the stream back to the second stage
neutralization tank for additional neutralization. Allowable pH ranges for each stage can
be adjusted. second and third stage tanks are designed for ~13 min residence time with
the eductor’s being sized to turn over the 22.71 m3 volume six times per hour. The pH
adjustment would be handled by a metering pump to allow for fine pH adjustments. All
pH adjustment chemicals (acid or base) would be introduced to the eductor streams to aid
in effective mixing of the process fluid with the acid or base. Addition of the acid or base
needed for neutralization would be done via injection quill. All the tanks would be Fiber
Reinforced Plastic (FRP) with resin liners to withstand the high range of pH encountered.

2.8.3. Improved Neutralization Setup

An improved neutralization setup is proposed during the evaluation of the neutraliza-
tion setup. In order to optimize the function of the neutralization pit, it was proposed to
direct the dilute streams from the cation and anion IX beds directly to outfall 2 that does
not need to be pH adjusted, thereby reducing the volume of waste streams that need to be
processed in the neutralization tanks. It was found that directing the dilute regeneration
streams to the outfall would not alter the composition of the outfall 2. Outfall 2 is monitored
by the site before it can be returned to the original water source. Keeping this in mind, an
improved neutralization setup is proposed. In this setup, a single tank with a working
volume of 75.71 m? is proposed to handle all the concentrated waste streams. To increase
the reliability of the system two pumps each with a design flow rate of 181.6 m?/hr were
installed for recirculation and feeding forward as shown in Figure 3. To ensure proper
mixing in the tank two eductors are designed to achieve 24 tank volume turnaround every
hour to achieve the desired mixing.
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Figure 3. Improved neutralization process.

2.9. Ensuring Redundancy

For the demineralization system it is desired to have flexibility to run two regeneration
cycles simultaneously. For reliability reasons the two neutralization setups should be
independent of each other such that if one is under maintenance one neutralization can
still be performed. When running two cycles, the maximum effluent volume increases
to ~151.42 m® with a maximum effluent inflow of 122.58 m3/hr occurring during the
2% acid regen and the 5% base regen for 27.5 min. In the event that the entire effluent
volume would need to be held for neutralization the existing neutralization pit would
need to be used in conjunction with the new tank to achieve redundancy. This would
then proceed to be neutralized in the above prescribed manner. In the event that either
the existing neutralization pit or the new first stage neutralization tank is down, only one
regeneration cycle can be performed to allow for possible upsets in the neutralization
process. If the existing pit is not to be used and two regeneration cycles are desired the first
stage neutralization tank can be designed to handle 151.42 m? neutralization waste.

3. Results and Discussions
3.1. Existing Neutralization Pit

The existing below ground neutralization pit is inefficient as it is a one-step neutral-
ization process with inefficient mixing leading to poor pH control. The poor controls and
inefficient mixing make it hard to achieve the desired pH with overshooting or undershoot-
ing upon addition of too much acid or base. In addition to that, simple air sparging in the
pit is inefficient for adequate mixing. Moreover, the incoming regeneration waste volume
is higher than the actual working capacity of the pit. Since the volume of neutralization
waste is greater than the volume of the neutralization pit the process is very inefficient as
one needs to halt neutralization till the pit is made available. All this cause bottlenecks
in the system when the pH is outside the range allowed for discharge to the ditch. This



Processes 2021, 9, 1285

8 of 12

system does not allow for the fine adjustment of the neutralization flow rate needed to
achieve the desired pH range. These bottlenecks required reassessing the waste streams
generated and looking into other more efficient waste treatment processes.

3.2. First Neutralization Process

The first neutralization process considered is shown in Figure 1. This setup has a
large capital cost due to the number of tanks and pumps required along with agitators in
the tanks. The operating cost of this setup is also high. This setup required 3, 94.63 m?
tanks, 3 agitators, 12 pumps and other ancillary equipment’s and piping. Along with the
high operating cost the system also had poor reliability. If one of the tanks is down for
maintenance, then the entire neutralization waste management must be halted. There were
a lot of opportunities to optimize the setup. Further studies were done to find a more
efficient solution.

3.3. Second Neutralization Setup

Considering the bottlenecks with the process depicted in Figure 1, a second neutraliza-
tion setup was conceptualized to reduce the capital cost of the setup by eliminating agitators
and reducing the size of subsequent tanks. Even though the capital cost of the second setup
is less than the cost of the first setup (Table 2), it still had the same downside as the first setup
of halting the neutralization in case any single tank in series required maintenance.

Table 2. Comparison of equipment cost and number of equipment for different neutralization setups.

First Setup Second Setup Improved Neutralization Setup
Equipment Type ENun.1ber of Total Cost Nun.1ber of Total Cost Nun.lber of Total Cost
quipment  (USD x 1000) Equipment (USD x 1000) Equipment (USD x 1000)
Pump 12 400 12 400 6 185
Tank 3 172 3 100 1 51
Agitator 3 50 - - - -
Eductor 1 1
Total Installed cost N/A 3110 N/A 2500 N/A 1181

of equipment

3.4. Improved Neutralization Setup

The improved neutralization setup required extensive research and testing of the
individual waste streams and involvement of the environmental group to evaluate which
streams needed extensive waste treatment and which streams could be sent to an outfall
which does not require any waste treatment and are tested regularly for compliance reasons.

Lab experiments were performed in which the dilute streams from cation backwash,
cation fast rise, anion warmup, anion backwash, and anion fast rinse were titrated for a pH
reading for several batches. The pH readings were found to be between 7-8 which suggests
that the dilute streams can be sent to an outfall without needing any pH adjustment. The
dilute streams were then directed to the outfall 2 for several months and the measured pH of
the outfall was found to stay within the desired range of 7-8 pH as shown by the plant data.

A lab experiment was conducted with 210 mL of concentrated waste streams. The
combined stream was agitated and found to equilibrate at 8.8 pH. This experiment was
repeated several times and the pH of the final mixture was found to fluctuate between
6.5-9.5. Even though the variation in the pH from the concentrated streams can vary based
on the samples collected the key reason for the experiment was to identify the sensitivity
of pH to the addition of neutralization chemicals.
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The concentrated stream from IX regeneration was further titrated with 0.02 N HpSO4.
It was seen that the pH change was pretty sharp between 6-8 pH suggesting the need for
effective agitation (see Figures 4 and 5).
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Figure 4. Change in pH with addition of 0.02 N HySOy,
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Figure 5. Ratio of Reagent to waste stream Vs pH.

The improved setup has a total installed cost saving of almost $2 million over the
first neutralization setup discussed (see Table 1). The improved setup also has a very low
operating cost as there are not as much electrically driven equipment in the improved
setup. The improved setup also safeguards the plant in the event that the above ground
tank requires maintenance. With the revised waste streams requiring treatment even the
below ground neutralization pit is capable of handling neutralization waste if the above
ground tank is down for maintenance. This redundancy along with reduced operating cost
due to low power consumption makes this a very efficient and green process to neutralize
waste from IX regeneration.

Based on the efficiency of the eductors and turnover rate achieved in the neutralization
tank it was seen in experiments that the desired pH can be achieved within 200 s. Figure 6
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shows the plot of two samples collected from the concentrated streams and neutralized to
reach a steady pH of 7.

7
6
2 s
o
S 4
$—
T 3
2
1
0
0 50 100 150 200 250 300 350

Mixing time, seconds

Figure 6. Sample result for mixing time vs pH measurement in the improved neutralization setup.

As shown in Table 3 the operating cost of running the various neutralization setups is
calculated. It was estimated that the improved neutralization setup will save $169,000 in
operating cost per year, this correspond to 55% operating cost saving. Seeing the operating
cost saving the improved neutralization setup pays for the improvement in a few years of
operation. Table 4 shows the chemical usage summary for different setups showing the
improving trend in chemical usage for the various setups. The improved neutralization
setup requires about 23% less acid and caustic compared with the first setup.

Table 3. Operating cost comparison of running the different neutralization setups.

Annual Cost of Power,

Neutralization Setup Power Required, Kilowatt (USD x 1000)
First neutralization setup 332 306
Second neutralization setup 298 275
Improved neutralization setup 149 138

Table 4. Chemical usage summary for different neutralization setups.

Chemical First Setup Second Setup Improved Neutralization Setup
Usage of 93% H2S04, cubic meter 0.1402 0.1212 0.1061
Usage of 50% NaOH, cubic meter 0.1172 0.1061 0.0909

4. Summary and Conclusions

Waste neutralization is an important chemical engineering unit operation that is
needed to meet environmental regulation and sustainability. Traditionally, the entire
volume of IX regeneration waste is neutralized with the use of agitators and multiple
neutralization steps. An improved neutralization setup is described in this work, which is
more efficient and cost effective both from cost of operation and capital cost standpoint.
Traditional neutralization processes depicted in the first and second setup employed
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agitators and multiple tanks to achieve effective mixing. Eductors have developed to a point
that one can achieve enhanced mixing with very little energy requirement as illustrated in
the improved neutralization setup. The improved setup has a total installed cost saving of
$2 million over the first neutralization process discussed. The new neutralization setup is an
improvement over the traditional demineralized regeneration waste treatment approaches
practiced in the industry. All this has been achievable by employing a novel approach
identified in this paper to split the effluent streams into concentrated and dilute streams
and achieving enhanced mixing in a single vessel with lower energy consumption. The
analysis of individual waste streams from the regeneration of IX beds is insightful and
can be used by others in the industry to optimize their neutralization waste management.
The 63% reduction in volume of IX regeneration waste stream requiring treatment, 62%
reduction in the capital cost, 23% reduction in chemical usage, and 55% reduction in
operating cost makes the improved neutralization process a unique process which will
benefit the chemical industry immensely. These principles are not limited to neutralization
of IX waste, one can use the same principles to deal with waste streams generated by any
unit operation that needs to be neutralized before discarding.
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