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GENERAL RESEARCH

Carbon Dioxide Stripping In Bubbled Columns
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The carbonate buffer system plays a fundamental role in the biological treatments of wastewaters. In this
work, the CQ volumetric mass transfer coefficierk &) in a bubbled column was determined using the
conventional titration method for different column volumes and air flow rates. In addition, a simple method

to determinek a. based on the interpretation of the changes in the pH level due to thest@fping was
developed. Results show that the apparent G&umetric mass transfer coefficiert é.-apy) Was strongly

affected by the pH level; however, the actual S@lumetric mass transfer coefficie,ac. = Kk ac-apd0lo,

was constant within the tested pH conditions. In additiea increased with higher air flow rates and lower
column volumes; the obtaindda, values ranged between 20.0 and 71.9. firor all the tested conditions,

k_ac values obtained using the noncontrolled pH method were similar to the values measured using the titrimetric
method. The proposed mathematical model represented adequately the changes on the pH level and total
inorganic carbon species concentration as a function of time. The model was extended to take into account
the effect of phosphates. Simulation results showed that, although phosphates buffered the changes of pH,
the losses of total inorganic carbon were faster than in the case of a nonbuffered solution; thus, the rise in the
pH level prevented the stripping of GO

Introduction researchers commonly assume that the carbon dioxide mass
transfer coefficient can be estimated using values for oxygen

The carbonate buffer system plays a fundamental role in the mass transfer coefficients that have been extensively meadured.

biological treatments of wastewaters. This system is presentin' } ) ) )
all the cases, and its buffer capacity depends on the balance Titrimetry is a well-established technique to monitor
between the processes of generation and consumption of inor{Pio)chemical reactions that affects the pH of the medium.
ganic carbon. Among the first ones, microbial (aerobic or an- This technique was successfully applied to evaluate different
oxic) respiration and transport from the gaseous phase can be?HS affecting processes such as nitrification, denitrification,
mentioned. On the other hand, the main processes that determin@nd aerobic carbon  oxidatiéri:'? Titrimetric sensors  re-
the decrease of CQoncentration are the nitrification process duire a pH controller to maintain the pH value at a constant
(due to assimilation of the Cfand losses due to the transport S€t point through the addition of a strong acid or base
toward the gaseous phase, a process known as Stribﬁng_ concentrated solution using a peristaltic pump. In this work,
The determination of the carbon dioxide transfer rate is crucial the CQ volumetric mass transfer coefficierd @) in a bubbled
given the close relationship between biological and physico- column was determined using the conventional titration
chemical processes and the concentration of @Gsolution. method for different column volumes and air flow rates. In
For example, it is clear that the nitrification of extremely addition, a simple method to determihga. based on the
concentrated ammonia wastewaters requires sufficient alkalinity interpretation of the changes in the pH level due to the, CO
to buffer the protons generated during the process and bicarbon-stripping was developed, and the results were compared with
ate as the carbon source for the autotrophic biomass. Howeverthe titration method.
low pH values and high aeration conditions cause a decrease
of the available inorganic carbon due to the stripping o6&®
In addition, model studies have pointed out the importance of
pH on the inorganic carbon limitation of algal biofilm growfth. The carbonate buffer system consists of four species: dis-
On the contrary, when the GGtripping rate is lower that its  golved CQ (CO,q), carbonic acid (HCOs), bicarbonate (HC®),
production rate (e.g., using low agitation and/or aeration gng carbonate (C£-). At room temperature (25C), the ratio
conditions), the dissolved GQroncentration rises above the (CO, dissolved)/HCOs is 99.76:0.24, and it is independent of

saturation value (C&).” In this case, wastewaters with high o1y and jonic strength These two species can be dealt with as
concentrations of G4 and/or Mg lead to the formation of a single combined one, GO with little error13

highly insoluble carbonatés Although the carbon dioxide
mass transfer coefficient is an important feature of reactor
design, few direct measurements were repotf€dnstead,

Theory

CO, = COy,+ H,CO; (1)
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CO, (g) = CO, @

The low partial pressure of atmospheric £dnits the CQ
concentration of the solution according to Henry’s law. Thus,
air bubbles strip more inorganic carbon than they can transfer
into the water, shifting the following equilibria,

CO, + H,0=HCO;, + H"
_ [HCO3]H ]

1—m= 5.01x 10_7 (3)

HCO, = CO/* + H"
_[COs*IH T

,= ——=5.01x 10" (4)
[HCO;]

whereK; andK; values correspond to an operation temperature
of 25 °C14 As the CQ is stripped from the solution, these
equilibria are shifting to the left, increasing the pH level. In
comparison to gasliquid transport phenomena (eq 2), acid/
base reactions involving G& HCO;~, and CQ% are ex-
tremely rapid. Even the hydration of G&which is considerably
slower than the acid/base reactions, is significantly faster than
the physical transfer proce38 Thus, gas-liquid mass transfer
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species (e.g., strong acids/bas€df. By combination of eqs
7—9, the following is obtained,

H++z—&+ +2 10
=0 (o + 20,)Cr (10)

whereKy, (=1 x 10714 is the dissociation constant of water.
The solution of eq 10 provides the pH value as a function of
Cy or theCr value for a given pH, depending on the available
data. Thus, two operating modes can be employed to determine
the value otk a.: (i) controlled pH (titrimetry) or (ii) noncon-
trolled pH methods.

(i) Controlled pH method—Titrimetry. In this method, a
pH control device is used to maintain the pH value at a constant
set point through the addition of a strong acid (AH) concentrated
solution using a peristaltic puni.Because the pH value is
constantoy is constant; thus, eq 5 can be integrated to obtain
the following expression,

Cr = Crs — (Crs = Crg) €44

whereCrs = CO,,,/ 0 is the total inorganic carbon species at
saturation conditions ardac—app= ook ac, is the apparent CO
volumetric mass transfer coefficient at the experimental pH
level. If A~ is the anion concentration corresponding to the added

(11)

can be considered as the rate-limiting reaction step, and acid/acid, then the charge balance equation results:
base reactions can be assumed as near the equilibrium condi-

tions.

In order to describe the CGstripping process due to the
aeration, a semiempirical approach with a lumped stripping
parameter is inevitable. The liquid-mass balance for the total
soluble inorganic carborCf = CO," + CO3H™ + COs2 ) at a

A*—H*+z—&—( + 2 12
= e (@ 0,)Cr (12)

By combination of expressions 11 and 12 and taking into
account thatA~ = 0 whent = 0, the following is obtained:

constant temperature, pressure, and volume under constant

partial pressure of COn the gas phaseig

oc;

dt =K a(COx— COZ*)

)
wherek,a; (h™1) is the volumetric mass transfer coefficient for
CO,, and CQsgtis the equilibrium value that depends on the
partial pressure of carbon dioxide. If 1 atm of pressure of air
(with 0.037% of CQ) is assumed, then the value of &Qis
~0.01 mM14

The concentration of each inorganic carbon species,(CO
HCO;~, and CQ?") can be calculated as a function of pH

considering the acid/base equations and the total inorganic

carbon species concentratioGr]:

. H?
CO, = 0Cr = C (6)
R T KH+ KK, |
HCO,” = o,C; KA @)
= a =
ST LK H KK,
K,K
COF =a,Cr = — (8)

H? + K,H + KK,
Considering only the buffer systems of inorganic carbon

compounds (C@, HCO;~, and CQ?%") and water, the charge
balance equation of ionic species in the liquid phase is

)

where Z Ecations— anions) is the total concentration of inert

H" +Z=0H +HCO, +2C0*

A" = (03 +20)(Cro — Cro(1 — e 4% )

The added anion concentratioh () can be estimated knowing
the concentration of the stock solution of ackg+), the reactor
volume (/r), the flow rate of the peristaltic pum®f), and the
cumulative pumping timetg),

_ 10QpAsT
= —VR

(13)

A (14)

and the combination of expressions 13 and 14 leads to the
following:

_ Vr(0y + 20)(Cry
P QpAasT

Therefore, by monitoring the cumulative pumping tinyg o
keep the pH constant as a function of the process tinéhe
value ofk _a.-appcan be calculated using eq 15. The applicability
of this method depends upon the first term in brackets on the
right-hand side; if this term is constant, then eq 15 can be used
to estimate the value & ac—app

(i) Noncontrolled pH Method. If the pH is not controlled,
the pH increases as a function of timg ¢{lue to the CQ
stripping process. For a solution with known value<g§ and
pH, (e.g., a freshly prepared pH-adjusted bicarbonate solution),
the total concentration of inert specie§ ¢an be calculated by
reordering eq 10,

“G9l - ehawy (1s)

_Ky +
Z= F + (alo + 20*20)CT0 - Ho (16)
o
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where the subscripts “0” indicate the values atpBecauseZ 7.60 7 a o] 160
represents nonvolatile acids or bases, this term is constant; thus, 1<— ;
Cr values can be calculated as a function of pH, reordering the _—_ 1 /R ,“/\ [
charge balance equation: = e H W il
1/ —— [ I <
K o y - tIf e \ £
H +7 - Y 7.50 N/ \ I 120
+ «l o A ;"l Al /I
Cr=——5—— 17) 1 BV RV _
oy 20, 745 MR MR AL o
If the variations of pH andCr as a function of time are known, il 0.4 Bl 029
CO, can be calculated using eq 6. In addition, the stripping L
rate (—dC+/dt) can be estimated from the plot@f as a function 800 ]
of time using a moving regression window, for example. Finally, ] pesser
by plotting dCr/dt versus the C@ concentration, the value of 600 oust
k.ac can be estimated from the slope of the obtained line - ]
(eq 5). b i
Experimental Section M0
] b
Carbon dioxide stripping experiments were conducted in a 1
bubbled column (33 mm internal diameter700 mm height) 0.0 0.5 1.0 1:sailhl | 2:0
with a maximum working volume of 500 mL. Air was t(h)

?erduced by passing through a glass fritterfﬁmym pores) Figure 1. Typical results obtained during a G6tripping experiment: (a)
installed at the bottom of the column. Air was set to stable flow detail of pH (solid line), cumulative pumping time (dotted line), and the

rates (0.5-1.0 L/min) using a high-precision rotameter (Bruno acid pump on/off operation (gray bars) profiles during three pH control
Schiling model M 60V, Argenina). Extema rciculated flow - Y565, % ) cuthiaie puneng imek(cioes ss Abneion e,
by a peristaltic pump (Apema model AP20, Argentina) fr_om gxperimemal'data_ Y Ting €q

the bottom to the top of the column was used to achieve

homogeneous mixing of the solution; in all cases, the flow rate
was 230 mL/min. The pH of the recirculation line was mea-
sured continuously using a polymer body pH probe (Broadley-
James Corp.) connected to an on/off pH controller (Masstek,
Argentina). The pH of the column was corrected using sulfuric
acid (1 N). An 8-bit analogic/digital (A/D) converter (Biloba
Ingenieria model BLB 2.0, Argentina) was used to obtain the

output signal (420 mA) from the pH controller. The on/off 0.1
control signal actuating the acid pump (Apema model AP25 65 70 75 80 85
0.3-M-S, Argentina) was converted to 500 mV or null signal pH

and connected to a digital input/output (I/O) module (Biloba gigyre 2. Effect of pH on the apparent GOrolumetric mass transfer

Ingenieria, Argentina). Both the A/D converter and the digital coefficient ( ac—apy. Error bars indicate the 95% confidence interval. The

I/O module were connected to a personal computer via an RS232solid line indicates the calculated valuekpbe—app = ki ac usingk a; =

protocol. 25.5 it (Table 1). In this case, the column volume was 500 mL and the
Sodium bicarbonate (with purity 99.7%) purchased from 2" flow rate was 0.5 L/min.

a local supplier (Anedra, Argentina) was used to prepare Taple 1. Fraction of the Total Inorganic Carbon Species That is

solutions of known total inorganic carbon concentrati®m){ Present as CQ' (aw), Apparent (kiac-app) and Actual (kac) CO2

the different initial pH values were obtained by adding sulfuric VO'U'(T;_?”'C Mass Tlra”Sfef Cgemc'er/‘ts, as a IF“”Ct'O“I of pH

acid (2 N). In all cases, deionized water was used. All the (Conditions: Air Flow Rate = 0.5 L/min, Column Volume = 500

- mL
stripping assays were conducted at room temperature23 )
2°C). pH ) kiac-app(n™?) k.ac(h™)
6.5 0.3868 12.2&2.32 31.5+6.0
Results and Discussion 7.0 0.1663 3.731.07 224+ 6.4
7.5 0.0593 1.420.29 23.9+4.9
(i) Controlled pH method—Titrimetry. A typical example 8.0 0.0195 0.46 0.02 23.7+1.1
of the results obtained during a carbon dioxide stripping 84 0.0078 0.1 0.05 24.7+5.1

experiment using the pH control device is shown in Figure 1. mean 25.5:2.1

The obtained pH pattern was due to the on/off control-type  The obtained results show that the apparent G@umetric
feeding of the concentrated acid solution to avoid dilution mass transfer coefficienk(ac-apy Was strongly affected by the
problems. Accordingly, the pH of the medium was not exactly pH level (Figure 2);k ac-app increased from 0.2& 0.05 to
constant, but it fluctuated around the set point (Figure 1a). 12.20+ 2.32 il when the pH decreased from 8.4 to 6.5. For
Figure 1b shows that the cumulative pumping titaeiicreased each pH level, the actual GOvolumetric mass transfer
as a function of the process tint, feaching a maximum value  coefficient was calculated &sa; = k_ac—apd0lo; Table 1 shows

at ~2 h of operation. The observed staircase pattern of the thatk_a; was constant within the tested pH conditions. Using
cumulative pumping time was the result of the on/off con- the average value fdka. = 25.5 h'?, the apparenk acapp
trol-type of the acid pump. From this plok ac—app Was value was plotted against the pH level. Figure 2 shows that the
calculated by nonlinear regression (Sigma Plot 2.0) using eq calculatedk_ac-app vValues were in accordance with the experi-
15 (Figure 1b). mental ones. Thus, the stripping of €@an be adequately
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Figure 3. Effect of the column volume on the actual g@ass transfer Fi o - ;
= ] h iyt gure 5. Carbon dioxide stripping rate{dCr/dt) as a function of C&
coeff:jment tad) folr different air flow rates. Error bars indicate the 95% qqer giferent air flow rates: (circles) 0.5 L/min and (squares) 1.0 L/min.
confidence interval. In both cases, the column volume was 500 fdLa. values were estimated
9.0 from the slopes of the straight lines (eq 5).
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o 2+ Figure 6. Changes in pH (a) and in the G@tripping rate {-dCy/dt) (b)
] as a function of time for different initial pH values: (circles) pH7.95,
1 () (squares) pH= 7.60, and (triangles) pk 7.15. Experimental conditions
O+ T v 71 are as follows: air flow rate= 0.5 L/min and column volume= 500 mL.
0.0 0.1 0.2 0.3 Lines indicate the calculated values using the proposed model.

t(h)
Figure 4. Changes in pH (a)cr (b), and CQ" (c) as a function of time . o ) .
due to the carbon dioxide stripping under different air flow rates: (circles) pH control device are shown in Figure 4a; in this example, the
0.5 L/min and (squares) 1.0 L/min. In both cases, the column volume was jnitial pH was adjusted to 7.25 using sulfuric acid. Within the
500 mL. Lines indicate the calculated values using the proposed model. first 10 min, a fast increase in the pH values was observed
. . . . (Figure 4a) due to the stripping of GQFigure 4b). Although

modglgd as a func't|0n. of pH using a single experlmeptal Cr values decrease only 12% (584 mM), CQ’ decreases
coe_ff|C|ent @Lac), ta_klng into account the effect of the nondis- ~95% (5-0.2 mM) (Figure 4c), mainly because of the increase
soqated ZC'?] fracurc]) o) on the ap(;pa.ririrt#aﬁapp \./afllue. of pH. Because C@® was the actual species that was stripped

Flgurgl S owslt dtac ||ncrez§e : g’k\]"t bltg_er ar °W| rates  from the solution, the C@stripping rate decreased as a function
(Qx) and lower column volumes/); 1€ 0 ainedy.a. va ues of time due to the increase of the pH level. Figure 5 shows that
ranged between 20.0 and 71.9hiThe highk a values obta!ned the CQ stripping rate increased as a function of the ;CO
In the present paper were due to the use of a glass fritter thatconcentration in accordance with eq 5; thus, from the slope of

generated small bubbles at high aeration rates1(QL vvm). . - .
These results were in accordance with those of other authors.the obtained straight line, the value lofa; was calculated.

For example, Arrua et dlstudied the C@stripping of Na- For all the tested air flow rates and column volumlesic
CO; solutions at pH= 9 in stirred tanks; these authors reported  values obtained using the noncontrolled pH method were similar
thatk_a. values ranged from 18 to 108 h Hill 10 studied the to the values measured using the titrimetric method. For
carbon dioxide mass transfer from bubbles to the liquid phase €xample,k a; increased from 25.0 to 39.6 hwith air flow
using a gas with 10% C£by volume sparged into a well-mixed  rates of 0.5 and 1.0 L/min, respectively, and a column volume
baffled reactor; this author found thata. values ranged  of 500 mL (Figure 5); these values were in accordance with
between 20 and 120h Sperandio and Padlstudied the C@ those presented in Figure 3 (titrimetric method) for the same
mass transfer from the liquid to the gas phase using an infraredexperimental conditions. The results obtained using the titri-
carbon dioxide analyzer; these authors found that values metric method showed th&tac—app depended on the pH of the
ranged between 18.3 and 37.1'h solution (Figure 2); this effect is also observed in the noncon-
(i) Noncontrolled pH Method. Typical pH profiles obtained  trolled pH experiments. As the initial pH decreased, a faster
during carbon dioxide stripping experiments without using the increase of the pH level was observed (Figure 6a) because of a
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150 7 . > Pr is the total phosphates concentration in the liquid phase, the
PH,  ka, _
1 705 261 08070 charge balance at= 0 results,
1 7.60 258 0.9813
100 7 7.5 253 0.9941

K
Z= F + (alo + ZaZO)CTO +

50 o

-dC/dt (mM/h)

(Otp1o+ 20ppe+ 30tps)Pr — Hy (18)

LI L L L B

0 1 2 3 4 5 where ap;, 0py, apz are the fractions of the total phosphates

€O, (mM) species that are present asP@,~, HPQZ , and PQ?,
Figure 7. Carbon dioxide stripping rate-dCr/dt) as a function of C& respectively. Because _these spemes are nonvolatiess
for different initial pH values: (circles) pHe 7.95, (squares) pk 7.60, constant; thus, the total inorganic carbon concentratta¢an

and (triangles) pH= 7.15. Experimental conditions are as follows: airflow be calculated as a function of pH as follows:
rate= 0.5 L/min and column volume= 500 mL.

H++Z—&—(a + 206p, + 304px)P
Ht P1 P2 PITT

9.5
9.0 4 @ G o, + 20, (19)
8.5
I ] Figure 8 shows the simulation results of the £ripping in
8.0 E the presence of different phosphate concentrations; in all cases,
7.5 4 Cto = 100 mM, CQgsar= 0.01 mM, pH = 7, andk_a. = 20
70 3 h~1. The pH changes due to the €€ripping process decreased
100 4 with higher total phosphates concentration (Figure 8a). For
] example, wherPr = 0, the pH increased from 7 to 9.44tat
8 5 h; however, forPr = 1 M, the pH value at this time was
2 60 7.15. Although the phosphates buffered the changes of pH, the
Z* 40 total inorganic carbon decreased from 74 miRg € 0) to 0.08

mM (Pt =1 M) att = 5 h (Figure 8b). The raise in the pH
level shifted the carbonate equilibria to the dissociated species
HCO;~ and CQ?" and diminished the volatile species concen-
tration CQ" (Figure 8c); thus, this mechanism prevented the
stripping of CQ from the solution. Simulation results showed
that the model can be used to estimate the concentrations of
the different inorganic carbon species as a function of time and
pH to check the availability of inorganic carbon for nitrification,
for example. In addition, the noncontrolled pH method might
: : be easily extended to measure the volumetric mass transfer
L I coefficient of other volatile species such as acetic acid or

0 1 2 3 4 5 ammonia.

t(h)

Figure 8. Simulation results corresponding to the changes in (a) pH, (b) Conclusions

Cr, and (c) CQ" as a function of time due to the G&tripping with different

total phosphate concentrations: (circl€)= 0 M, (squaresPr = 0.01 .
M, (triangles facing upPr = 0.1 M, and (triangles facing dowdy = 1 The pH strongly affects the apparent £@lumetric mass

M. In all casesCro = 100 mM, CQsar= 0.01 mM (dotted line), ank, ac transfer coefficient K ac-app); however, the actual COvolu-
=20 ht metric mass transfer coefficiekita. = kiac—apd0to Was constant

within the tested pH. In additiork a; increased with higher

higher CQ stripping rate (Figure 6b); however, the calculated I flow rates Qa) and lower column volumesf). Thus, the
values corresponding to the actikah. were constant (Figure ~ StPPing of CQ can be adequately modeled as a function of
7). In addition, these values were in accordance with those PH using a single experimental coefficieit &), taking into
measured using the controlled pH method for the same &ccount the effect of the nondissociated acid fractimg). (
experimental conditions (Table 1). For all the tested air flow rates and column volumies

The obtained results demonstrated that the, G@ipping values obtained using the noncontrolled pH method were similar
process and its effect on the pH can be modeled by solving egsto the values measured using the titrimetric method. The
5-8, 10, and 16 simultaneously. Therefore, the equation systemsProposed mathematical model represented adequately the changes
were solved using a similar procedure to that developed by Wett on the pH level and total inorganic carbon concentratiof) (
and RaucH.Figures 4-7 show that the proposed mathematical as a function of time due to the stripping of €@om the
model represented adequately the changes on the pH level angolution to the gaseous phase.

€O, (mM)

0.1 4

0.01

the total inorganic carbon concentratiddy) as a function of The model was extended to take into account the effect of
time due to the stripping of C&rom the solution to the gaseous  phosphates by means of the incorporation of the corresponding
phase for all the tested conditions. equilibria. Simulation results showed that, although phosphates

The model can be extended to take into account the effect of buffered the changes of the pH, the losses of total inorganic
other buffer systems (such as phosphate) by means of thecarbon were faster than in the case of a nonbuffered solution;
incorporation of the corresponding equilibria. For example, if thus, the raise in the pH level prevented the stripping 06.CO
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Nomenclature

Cr = total inorganic carbon species concentration (M)

K = equilibrium constants of reactions 3 and 4

KLa:. = actual CQ volumetric mass transfer coefficient )

KLac—app = apparent C@volumetric mass transfer coefficient
(h

Kw = water dissociation constant

Pt = total phosphate species concentration (M)

Qp = pump flow rate (mL/s)

Vr = reactor volume (mL)

t = process time (h)

tp = cumulative pumping time in eq 15 (s)

Z, = total concentration of inert species (eq/L)

oo, 01, o = fractions of the total inorganic carbon species that
are present as G HCO3~, and CQ?", respectively.

ap1, Op2 Op3 = fractions of the total phosphates species that
are present as 4#0,~, HPQ2~, and PQ3~, respectively
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