This lesson was developed by Hilary Palevsky and Kevin Tempest from the University of Washington and by Lisa Neshyba and Kim Kaufman from Sammamish High School for use in AP Chemistry classes. The titration lab described in the second half of this lesson plan requires a standard titration setup with a calibrated buret and an acid of known concentration, as well as a seawater sample to titrate (you can collect water from Puget Sound for this too). The data collected from the titration can be entered into and analyzed with using the accompanying Alkalinity Titration Workbook in Excel. If you have questions about this material or want to share your experience using it, please contact palevsky@uw.edu.

Ocean Acidification and Alkalinity Titration Lesson Plan
Lesson Overview
In this 90-minute lab, we will be discussing ocean acidification and alkalinity. We will measure the alkalinity of seawater by acid titration. 

Ocean Acidification is the process of the ocean pH decreasing (acidity increasing) through the input of dissolved CO​2, which reacts with water to become carbonic acid (H2CO3). Ocean acidification impacts the distribution of inorganic carbon species (CO2, H2CO3, HCO3-, CO32-) by changing the pH of seawater. 

Alkalinity is a measure of the buffering capacity of seawater, or the total amount of H+ that can be absorbed by the solution (alternate definitions: excess of bases over acids; or difference in number of non-proton exchanging cations and anions in solution). To measure alkalinity, seawater is titrated with acid to a specified endpoint (pH=4.5) where essentially all of the proton acceptors have reacted. 

Why measure alkalinity? By measuring the alkalinity along with one other seawater property (fCO2, pH, or total dissolved inorganic carbon (DIC)), the total distribution of the species of the carbonate system (CO2/H2CO3, HCO3-, CO32-) can be precisely constrained. 

Why do we care about the carbonate system? Knowing the carbonate system is important for several reasons: (1) Many oceanic species make their tests or shells from CaCO3 either in the form of aragonite or calcite, including both economically and ecologically important ones. Forming aragonite or calcite shells becomes more stressful as the CO32- concentration decreases as is the case under ocean acidification. (2) The ocean is currently able to uptake between 1/3rd and 1/4th of anthropogenic CO2 emissions as a result of chemical equilibrium between dissolved CO2 and the other DIC species. The addition of anthropogenic CO2 decreases the ratio of CO2 that can be removed and stored as DIC. (3) Regional and vertical differences in DIC and alkalinity provide insight into biological and physical processes that alter the carbonate chemistry of the ocean. (4) The combination of measurements for alkalinity and DIC allow the pH to be precisely defined.

Key Takeaway Points
1. When CO2 dissolves in water, the pH decreases and the concentration of carbonate ion (CO32-) decreases. This is something we can determine by looking at the reactions that occur when you add CO2 to H2O.

2. To calculate the concentration of CO32- in a water sample, we need to measure two different properties to be able to solve the system of equations. The two properties we are measuring today are pH and alkalinity.

3. Alkalinity tells us the buffer capacity of the system (its ability to absorb H+ ions), which we can measure in the lab by titrating the water sample with an acid of known concentration.

4. Ocean acidification can make it hard for organisms that make shells out of CaCO3 (by precipitating it out of the water) to grow. Based on the calculated concentration of CO32- in the water, we can calculate whether CaCO3 is supersaturated, saturated or undersaturated in our water sample.

Lesson Breakdown
The students will review the concept of Ocean Acidification, be given an overview of the concepts of DIC and alkalinity, and engage in a collective alkalinity acid-titration. Acid-base concepts and seawater carbonate chemistry concepts will be explored as part of this activity.

Intro to Ocean Acidification, carbonate chemistry, and alkalinity
I. Introduction: what are we going to do today? (5 minutes)

II. What is Ocean Acidification, how does it occur, does it matter? (15 minutes, include 2 short white board questions)

a. What is it? (ASK THE STUDENTS) The ocean is getting more acidic (lower pH) in association with higher CO2 levels in the atmosphere.

a. How does it occur? CO2 plus water forms carbonic acid (H2CO3). As there is more CO2 added to atmosphere, more dissolves and reacts with water to form H2CO3, which dissociates, driving the pH down. Carbonic acid dissociates into bicarbonate (HCO3-) and hydrogen ions (H+). Bicarbonate can further dissociate into carbonate (CO32-) and another hydrogen ion. This is an opportunity for a whiteboard question/activity: ask students to write the equations themselves (what happens when you add CO2 to water? What are all the equations involved?) before telling them the answer and writing up the equations on the main whiteboard.

Review of whiteboard answers: What type of acid is carbonic acid? (weak, diprotic)-(write equations and dissociation constants on the main whiteboard (see key equations at end of lesson plan).
b. Why do we care about Ocean acidification? A decrease in pH changes the distribution of the species of the carbonate system (introduce and define term DIC). This impacts the availability of carbonate (CO32-), which is a building block of tests/shells for many oceanic species (shellfish, corals and other plankton including some phytoplankton) and may make it harder for ecologically and economically important species to survive to adulthood (OH NO!). (define OMEGA = sat state of CaCO3; introduce calcite/aragonite).

Show the Fraction/pH Graph (included with calculations at end of lesson plan). Q: Typical surface seawater pH is around 8. Rank the three carbonate species in order from highest concentration to lowest concentration. How would the amount of each species change if the pH shifted to 7.5 (total DIC does not change).

Another Q: at what pH would you expect the [CO32-] and [HCO3-] to equal each other. How does this compare to pK’2? Use the equation for K’2 to calculate the pH when [CO32-] and [HCO3-] are equal.
c. Other reason to care about CO2 in the ocean: Removes CO2 from atmosphere, but this ability is decreasing (as less CO32- to react with H+) AKA Decreasing Revelle Factor

II. How do we know the amount of carbonate ion? (15 minutes; include 1 white board question)

a. Need to measure two parameters and use system of equations for carbonate chemistry (5 unknowns, 3 equations): fCO2, pH, DIC, alkalinity…DIC and alkalinity are the best combo. Today, we will use alkalinity and pH to try to figure out saturation state for calcite and aragonite from water taken this morning from Puget Sound.

b. DIC is measured by acidifying all carbon species to CO2 gas and measuring the amount of gas: tells us how much total but not how much of each. Note: definitely good to mention DIC, but since we’re not measuring it or using it in the calculations for our sample, we might want to cover this quickly.
c. Alkalinity (define and write equation for AC, the carbon alkalinity which is ~96% of total alkalinity). We measure alkalinity by titrating to an endpoint pH=4.5 with a strong acid solution to calculate the total number of moles of excess bases over acids in solution. Alkalinity is a measure of the buffering capacity of of seawater. This is what we will measure during the rest of the class period. One possible way to talk about alkalinity would be to have the students look at the initial equations on the board and figure out which ions in the water can react with H+ ions and realize for themselves that CO32- counts for twice as much alkalinity as HCO3- because it can absorb two H+ ions.

We can think of [CO32-] as being approximately equal to the AC – DIC. (AC-DIC) ~= [CO32-]. Based on the equations for AC and DIC, what assumptions are making for this approximation? Would you expect AC – DIC to be larger in more or less acidic conditions (use graph to think about this).
d. Show them the sampling procedure for taking alkalinity sample. Maybe brief discussion of what shortcuts we are taking that might affect sample accuracy/precision.

Alkalinity titration as a group.

a. We should have at least two students directly involved in the titration – one to manipulate the buret to add acid and another to be the official data recorder (writing down the pH and volume of acid added on the board for each increment). These could either be the same two students the entire time, or we could switch off so more students get a turn.

b. Begin the titration by measuring out the volume of sample to titrate and measuring the initial pH before any acid is added. Then begin doing titration, meanwhile also doing some calculations and discussion related to what is happening with the titration.

c. First whiteboard problem for during titration: calculate [H+] for this water sample now that we know the pH.

d. Second whiteboard problem/thought experiment: what shape do you think the titration curve will have (pH vs. amount of acid added)? Why isn’t it linear? Why are there two inflection points (diprotic acid)? How would the curve look different for a monoprotic acid?

e. Third whiteboard problem (optional): Once we know the amount of acid added to reach the endpoint, what equation would you use to calculate the alkalinity? Alk*Vinitial sample = Vacid added at endpoint*Conc of acid

f. If titration is taking a while, can start doing an example calculation using provided data already in spreadsheet: 1) calculate titration endpoint and use to determine alkalinity (either using estimation or Gran plot method), 2) calculate [CO32-] based on pH and alkalinity. Theoretically, students could derive the equation to do this by algebraically manipulating the equations already discussed, but I would lean towards giving them the rearranged equation [CO32-] = (Alk*K2)/([H+] + 2*K2). 3) calculate saturation state (Ω) using the calculated [CO32-] and a given [Ca2+].

Lesson wrap-up.

a. If the final calculation for the titration (part f above) has not already been completed, take the time to go through how to do this for the sample. How much we do based on our sample vs. the example can be flexible based on time, though ideally we would do the whole process for our sample. If we’ve already done the sample, students would hopefully be able to do the calculations more independently.

b. Review how this ties back to ocean acidification and open questions that are currently being researched in oceanography. We could show some data of alkalinity, pH and aragonite saturation state showing how variable these properties are in different regions and talk about why this makes it more difficult to predict which regions will be hit hardest by ocean acidification. We could also show data specifically from Puget Sound to compare with the students’ calculations in this lesson.

Key Equations
The carbonate system consists of 4 inorganic carbon species: CO2 (aq), H2CO3 (carbonic acid), HCO3- (bicarbonate), and CO32- (carbonate). 

The total inorganic carbon, DIC is given by:

(1) DIC = [CO2](aq) + [H2CO3] + [HCO3-] + [CO32-]

The distribution of these species in seawater is dictated by the Henry’s Law solubility of CO2 (KH = fw,CO2/fa,CO2) and the dissociation constants of the diprotic species to the monoprotic and deprotonated species. The measured apparent equilibrium/dissociation constants pK’ are used:

(2) H2CO3 <-> CO2(aq) + H20; K’CO2(aq) = [CO2](aq)/[H2CO3]

The K’(CO2,aq) for seawater is typically 350-900, meaning over 99% of the dissolved CO2 stays is in the form [CO2](aq). 

(3) H2CO3 <-> HCO3- + H+; K’H2CO3 = [HCO3-][H+]/[H2CO3]

Equations (2) and (3) are typically combined to give:

(4) H2O + CO2(aq) <-> HCO3- + H+; K’1 = K’H2CO3/K’CO2(aq) = [HCO3-][H+]/[CO2](aq)

For 25C and salinity of 35, pK’1 = 5.85. For the second dissociation from bicarbonate to carbonate, the equilibrium is given by:

(5) HCO3- <-> CO32- + H+; K’2 = [CO32-][H+]/[HCO3-]

For 25C and salinity of 35, pK’2 = 8.97. Because the pH of the surface ocean is typically 8.1 to 8.2, the dominant species of the carbonate system is HCO3-. Combining equations (4) and (5) shows the total reaction as:

(6) H2O + CO2(aq) + CO32- <-> 2HCO3-
In a situation such as the surface ocean, equilibrium with the atmosphere helps to govern the carbonate system distribution. The dissolved CO2 is given by the Henry’s law solubility:

(7) KH,CO2 = [CO2]aq/faCO2
In order to assess the equilibrium pH and distribution of carbonate species, we need to be able to measure one value in addition to DIC (5 unknowns, 3 equations). One such precisely measureable quantity is the alkalinity of the solution which is the excess in bases (proton acceptors) over acids (proton donors) in the solution. Another way to think about alkalinity is that, in order to maintain solution neutrality, it must be equal to the difference between cations and anions that do not exchange protons to any significant extent during the titration. 

Dickson (1981) describes the alkalinity as,

“The number of moles of hydrogen ion equivalent to the excess of proton acceptors (bases formed from weak acids with a dissociation constant K <= 10-4.5 at 25C and zero ionic strength) over the proton donors (acids with K > 10-4.5) in one kilogram of sample.” 

The carbonate alkalinity, AC​, makes up about 96% of the total alkalinity while the carbonate and borate alkalinity, AC&B, makes up about 99% of total alkalinity. 

(8) AC&B = [HCO3-] + 2[CO32-] + [B(OH)4-]

(9) AC = [HCO3-] + 2[CO32-]

The units of alkalinity are eq kg-1. This is why the carbonate (CO32-) is multiplied by a factor of 2, as each mole can take up 2 moles of H+ before the solution is titrated to a pH = 4.5.

For shell-forming species, the saturation state of calcium carbonate may be an important consideration

(10) Ca2+ + CO32- ⇔ CaCO3 (s); KSP = [Ca2+][CO32-]

We use the symbol omega (Ω) to define whether CaCO3 is undersaturated (Ω<1), saturated (Ω=1) or supersaturated (Ω>1):

(11) Ω=[Ca2+][CO32-]/KSP
Calculations, White Board Qs, Demo Plans
SOME EXAMPLE WHITE BOARD (OR HW) QUESTIONS
-Using equations (1) and (8) and assuming [CO2 (aq)] + [H2CO3] ~ 0, write an equation for the difference between AC and DIC:

AC – DIC = [HCO3-] + 2[CO32-] – {[CO2(aq)] + [H2CO3] + [HCO3-] + [CO32-]} = [CO32-]

-Would you expect AC – DIC to be larger in more acidic (lower pH) or less acidic (higher pH) conditions?

ANSWER: There would be more of the deprotonated species at higher pH, because there is less H+ to react with the carbonate to create bicarbonate (think about the equilibrium constant equation as well). Conversely, at a lower pH, there is more H+ available to react with CO32- to create bicarbonate. This shift is part of the foundation of the figure below. 
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-Typical surface seawater pH is about 8. Rank the species H2CO3, HCO3-, and CO32- in order from highest concentration to lowest concentration.

How would these species change in concentration (increase, decrease, or remain about the same) for a shift in pH to 7.5?

ANSWER: At pH=8; HCO3- > CO32- > H2CO3; As the pH shifts to 7.5: HCO3- slight increase or remain constant, CO32- decreases; H2CO3 increases

-Using only equation (5), how much would the [CO32-] change for a decrease in pH from 8.25 to 8.15? (use pK’2 = 8.97 and initial [HCO3-] = 0.017mol kg-1 = 1700umol kg-1 for pH =8.25)? Assume the [HCO3-] + [CO32-] does not change. What is the percent change in [CO32-]? 

ANSWER: for pH=8.25: [HCO3-]= 1700umol kg-1 (given); [CO32-] = 324umol kg-1
For pH = 8.15: [HCO3-] = 1758umol kg-1+; [CO32-] = 266umol kg-1
% change in [CO32-] is (266-324)/324x100=-17.9%

-At what pH would you expect the [CO32-] and [HCO3-] to be equal to each other? How does this compare to the pK’2? Using equation (5) calculate the pH when [CO32- ] and [HCO3-] are equal.

ANSWER: pH=pK’2 when [CO32-] = [HCO3-]

-Surface versus deepwater calculation

(a) Photosynthesis occurs in the surface ocean layers. The result of photosynthesis is the consumption of CO2 and the production of organic carbon. This results in a loss of DIC, but no change in alkalinity (CO2 is not charged, so does not factor into equation 9). We know that AC – DIC ~ [CO32-]. What is the result of photosynthesis on the [CO32-] in the surface ocean? Using the figure above, does this change in [CO32-] result in more or less acidic waters?

(b) In deeper waters, the organic carbon from the surface ocean is respired, releasing CO2 back into the water. What is the result of respiration on the [CO32-] in the surface ocean? 

(c) Do you expect surface waters or deep waters to be more acidic? Why? 

(d) What do you think might happen to CaCO3 shells as they sink to deeper waters (think about the amount of CO32- in surface versus deep waters based on the figure and the equation: CaCO3(s) ⇔ Ca2+ (aq) + CO32- (aq) )

(e) Adding more CO2 from burning of fossil fuels to the Ocean is similar to respiration of organic matter in part (b), EXCEPT that it adds CO2 to the surface of the ocean. How might this impact the ability of calcifiying animals (shellfish, corals, some phytoplankton species) to make their CaCO3 shells?
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