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 Abstract 
 We  conducted  a  completely  randomized  design  to 
 investigate  whether  differences  in  type  of  water 
 and  brewing  time  cause  differences  in  the  pH  of 
 black  tea.  Our  experiment  was  conducted  using 
 Lipton  black  tea,  Kirkland  bottled  water,  and  tap 
 water  from  our  apartment.  We  found  using 
 bottled  water  produced  tea  that  was  significantly 
 more  acidic  than  tea  that  was  brewed  with  tap 
 water.  We  also  found  brewing  the  tea  for  5  and  8 
 minutes  produced  tea  that  was  significantly  more 
 acidic  than  tea  that  was  only  brewed  for  2 
 minutes. 

 1. Introduction 
 Water  is  one  of  the  most  basic  necessities  in 
 everyday  life  with  a  vast  amount  of  usages. 
 Whether  it’s  through  hydrating  plants,  basic 
 forms  of  cooking  or  even  quenching  our  thirst, 
 water  is  basically  everywhere.  Such  an 
 imperative  essential  leads  to  an  equally 
 imperative  question:  where  should  we  be  getting 
 our water from? 

 The  most  typical  answer  to  that  question  is  either 
 bottled  water  or  tap.  However,  as  of  recent,  it  has 
 been  shown  that  the  growing  use  of  bottled  water 
 here  in  America  could  be  as  a  result  of  taste.  This 
 is  backed  up  by  a  particular  study  by  Miguel  F. 
 Doria  [1],  but  this  is  more  for  simple  drinking 
 water.  What  about  the  different  usages  of  water, 
 such  as  cooking,  does  it  taste  different?  Another 
 study  done  by  Medical  News  Today  has  shown 
 that  bottled  water  costs  as  much  as  2000  times  the 
 price  of  tap  water.  [2]  So  if  someone  is  paying 
 that  much  more  for  bottled  water  in  cooking,  it 
 surely has to taste different right? 

 Cooking  with  water  usually  comes  in  the  form  of 
 boiling  or  brewing,  and  the  most  simple  form  of 
 this  is  in  the  form  of  tea.  Tea  is  also  an  extremely 
 popular  form  of  beverage  that  is  especially 

 popular  amongst  college  students,  so  we  had  a 
 personal  interest  in  finding  which  treatment 
 combination  is  the  best.  This  also  led  to  us 
 creating  another  factor  in  this  experiment,  which 
 was  brewing  time,  as  a  very  popular  method  of 
 preparing  tea  is  to  over  steep  it  as  it  leads  to  a 
 stronger  and  richer  taste.  We  measured  our 
 “taste”  in  pH,  since  sensitivity  of  taste  buds  can 
 vary  from  person  to  person,  so  measuring  “taste” 
 through  a  numerical  scale  such  as  pH  was  more 
 quantifiable. 

 2. Materials and Methods 
 This experiment was conducted at our apartment 
 during the middle of the day (approx. 11am - 
 2pm). We began by filling two equally sized pots 
 with the two types of water: one pot with tap 
 water and the other pot with bottled water. We 
 then boiled both waters at the same time at the 
 same temperature until they both reached 180 
 degrees Fahrenheit. We maintained the two pots 
 at 180 degrees with a thermometer. Before 
 pouring the water inside the tea cups with tea 
 bags, we randomly assigned tea bags to each of 
 the cups.  We collected the data for the 
 experiment by brewing 6 cups of tea at a time. 
 For each set of 6 cups, we followed JMP’s 
 randomized run order of type of water and 
 brewing time and wrote them on post-it notes in 
 front of each cup to know what water to pour in 
 as well as the time to let it brew.  We then put 
 each assigned tea bag into the water at the same 
 time and started the timer.  Each cup of tea 
 received 5 up and down motions of the tea bag at 
 the beginning of the brew. At the end of each 
 brewing time, the tea bags were taken out. Once 
 all the tea bags were taken out, we used a digital 
 pH pen (that read up to 2 decimal places) to 
 measure the pH of each cup. We then recorded 
 the pH value on our table. Between 
 measurements we rinsed the pH pen in clean tap 
 water and then wiped the reader dry. We repeated 
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 this process 3 additional times for 24 total cups of 
 tea brewed. 

 2.1 Treatment Structure 
 The  Treatment  Structure  used  in  our  experiment 
 was  a  2x3  factorial  treatment  structure  with  6 
 treatments.  Our  first  factor  with  two  levels  was 
 the  type  of  water,  either  tap  water  or  bottled 
 water.  Our  second  factor  with  three  levels  was  the 
 brewing  time,  either  two,  five,  or  eight  minutes. 
 We  specifically  chose  these  three  brewing  times 
 as  they  were  centered  around  the  recommended 
 brewing  time  of  five  minutes  for  black  tea.  We 
 defined  brewing  time  as  the  amount  of  time  the 
 tea bag sits in the hot water to make the tea. 

 2.2 Response Variable(s) 
 The  response  variable  for  our  experiment  is  the 
 pH  of  the  brewed  tea  which  was  measured  with  a 
 digital  pH  pen  reader.  Our  unit  of  measurement  is 
 pH.  We  expected  pH  values  that  are  similar  to 
 that  of  the  average  pH  level  of  black  tea,  which  is 
 around 4.50-5.50. 

 2.3 Experimental Unit 
 The  experimental  units  in  our  experiment  are 
 each cup with a teabag in it. 

 2.4 Design Structure 
 Our  experiment  follows  a  completely  randomized 
 design  (CRD).  Random  assignment  of  treatments 
 to  each  cup  was  done  through  using  a  JMP 
 randomization  table.  Each  treatment  has  4 
 replicates  for  a  total  of  24  cups  used  in  this  study. 
 There  is  no  blocking  used.  We  decided  on  4 
 replicates  because  the  assignment  required  at 
 least  3  replicates.  Because  it  was  within  our 
 budget  and  capacity  we  decided  to  add  1  extra 
 replicate to increase the power of the study. 

 2.5 Dealing with other sources of variation 
 We  directly  controlled  the  temperature  of  the  tea 
 at  the  start  of  brewing  to  be  180  degrees 
 Fahrenheit.  We  also  measured  1  cup  of  water 
 into  each  tea  cup  so  differences  in  pH  wouldn’t 
 be  from  the  tea  being  diluted  by  the  amount  of 
 excess  water  in  each  cup  initially.  The  final 
 variable  we  controlled  was  the  temperature  at  the 
 time  of  measurement.  We  measured  the  pH  of 
 each  cup  11  minutes  after  the  start  of  brewing  so 

 the  temperatures  at  the  time  of  measurement 
 remained  fairly  constant  across  levels  of  brewing 
 time.  Randomization  of  run  order  was  used  to 
 ensure  outside  sources  of  variation  such  as 
 outside  environment  temperature  and  water 
 quality were spread equally across all groups. 

 2.6 Statistical model and data analysis 
 y  ijk  = μ + α  i  + β  j  + αβ  ij  + ε  ijk 

 Where  y  ijk  is  the  pH  for  the  kth  cup  of  tea  that 
 received  the  ith  treatment  for  brewing  time  and 
 the  jth  treatment  for  the  type  of  water.  Since 
 there  were  four  replicates  in  each  of  the  treatment 
 combinations,  k  can  take  up  values  from  k  = 
 1,2,3,4. 

 α  i  is  defined  to  be  the  effect  of  ith  treatment  for 
 brewing  time.  Where  i  =  1  represents  3  minutes,  i 
 =  2  represents  5  minutes,  and  i  =  3  represents  8 
 minutes. So i can take values i = 1, 2, 3. 

 β  j  is  defined  to  be  the  effect  of  the  jth  treatment 
 for  the  type  of  water.  Where  j  =  1  represents  tap 
 water  and  j  =  2  represents  bottled  water.  So  j  can 
 take values j = 1, 2 

 αβ  ij  is  defined  to  be  the  interaction  effect  of  the 
 ith  treatment  for  brewing  time  and  the  jth 
 treatment  for  type  of  water.  i  and  j  can  take  the 
 same  values  defined  above.  The  interaction  effect 
 looks  into  how  the  effect  of  brewing  time  changes 
 depending on the type of water used. 

 ε  ijk  represents  the  random  error  (natural  variation) 
 for  the  kth  cup  of  tea  that  received  the  ith 
 treatment  for  brewing  time  and  the  jth  treatment 
 for the type of water. 

 3. Analysis and Results 
 3.1 Descriptive statistics 

 Interaction Plot (Figure 1.1) 
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 From the interaction plot shown in figure 1.1, we 
 can see that the mean pH for tap water is higher 
 than the mean pH for bottled water across all 
 levels of brewing time.  We also see that for both 
 types of water,  2 minute brewing time has the 
 largest mean pH followed by 5 minute brewing 
 time, then 8 minutes.  Since the two lines appear 
 to follow the same trend it does not appear that 
 the effect of brewing time changes based on 
 which type of water was used and vice versa. 

 Side by side boxplots of pH vs. Brewing Time 
 (Figure 1.2) 

 From the side by side boxplots shown in Figure 
 1.2, we see that there appear to be visible 
 differences in mean pH across the type of water. 
 There also appears to be differences in mean pH 
 across the different brewing times within each 
 type of water however these differences are much 
 harder to spot. 

 3.2 Inferential findings 
 The  test  of  choice  for  analyzing  our  data  was  the 
 analysis  of  variance  (a.k.a  ANOVA).  The 
 ANOVA  test  tells  us  if  the  differences  in  the  data 
 are  being  caused  by  our  treatment  factors  or  by 
 random  variation.  If  the  differences  are  being 
 caused  by  our  factors,  ANOVA  will  also  tell  us 
 the  size  of  the  differences  in  the  post-hoc 
 comparison phase. 

 The  F-ratio  is  the  ratio  of  the  mean  differences 
 caused  by  the  different  treatments  compared  to 
 the  mean  of  the  differences  caused  by  random 
 variation. 

 F-Ratio  66.0148 

 The  probability  of  the  F-Ratio  being  this  high 
 purely  by  chance  was  calculated  to  be  <0.0001. 

 This  means  we  have  significant  evidence  that 
 there  is  at  least  1  difference  in  mean  pH  for  one 
 of  the  treatments.  Now  we  can  look  into  which 
 treatment  or  treatments  are  causing  major 
 differences in pH. 

 Effect Tests (Table 1.3) 

 Source  F-Ratio  P-value 

 Brewing Time  22.9194  <0.0001 

 Type of Water  283.0319  <0.0001 

 Brew*Water  0.6016  0.5586 

 Because  the  F-ratio  for  both  brewing  time  and 
 type  of  water,  in  Table  1.3  above,  are  large,  there 
 is  significant  evidence  to  show  that  both  brewing 
 time  and  type  of  water  causes  a  change  in  pH  of 
 black  tea.  Now  since  we  know  both  brewing  time 
 and  type  of  water  cause  a  difference  in  pH,  our 
 next  logical  step  is  to  check  how  much  of  a 
 difference  both  factors  make.  Since  the  F-ratio 
 for  the  interaction  effect  is  small,  we  will  look 
 into  the  main  effects  of  brewing  time  and  type  of 
 water  separately  since  they  have  no  effect  on  each 
 other. 

 Below  are  two  letters  plots  (Table  1.4).  Letter 
 plots  show  the  means  of  the  levels  of  each  factor 
 and  assign  each  level  letters.  Levels  that  share  a 
 letter  are  not  significantly  different.  On  the  other 
 hand,  levels  that  don’t  share  a  letter  are 
 significantly different. 

 Letters Plot: Brewing Time (Table 1.4) 

 Brewing Time  Letter  Mean 

 2  A  5.929 

 5  B  5.761 

 8  B  5.681 

 Table  1.4  is  the  letter  plot  for  the  factor  brewing 
 time.  We  see  that  brewing  tea  for  5  and  8  minutes 
 makes  tea  that  is  significantly  more  acidic  than 
 tea that was brewed for only 2 minutes. 
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 Letters Plot: Type of Water (Table 1.5) 

 Type of Water  Letter  Mean 

 Tap  A  6.047 

 Bottle  B  5.534 

 Table  1.5  is  the  letter  plot  for  the  factor  type  of 
 water.  We  see  that  tap  water  makes  tea  that  is 
 significantly  more  basic  than  tea  that  is  made 
 from bottled water. 

 In  order  to  use  ANOVA  to  analyze  our  data,  our 
 data must pass certain assumptions: 
 The three assumptions are regarding ε  ijk  . 

 1.  Each ε  ijk  must be independent 
 2.  ε  ijk  are normally distributed 
 3.  ε  ijk  have equal variances 

 Because  the  data  comes  from  a  study  in  which  we 
 used  random  assignment  and  randomization,  we 
 are  allowed  to  assume  this  assumption  is 
 satisfied. 

 In  order  to  conclude  normality,  we  run  the 
 estimated  errors  (actual  values  -  predicted  values) 
 through  the  Shapiro-Wilk  test  which  finds  the 
 probability  of  the  given  data  occurring  given  the 
 data  came  from  a  normal  distribution.  Low 
 probabilities  indicate  it  is  unlikely  the  data 
 follows  a  normal  trend.  Since  our  data  produced 
 a  p-value  of  0.6713,  we  are  safe  to  assume  the  ε  ijk 
 came from a normal distribution. 

 In  order  to  conclude  equal  variance  we  need  to 
 look  at  Figure  1.3.  Figure  1.7  (below)  shows  the 
 predicted  values  against  the  difference  of  the 
 predicted  value  and  the  actual  value.  We  want 
 the  heights  of  the  columns  in  the  graph  to  be 
 roughly  the  same.  For  the  case  below,  this  is  not 
 necessarily  satisfied.  However,  because  our 
 experiment  was  a  balanced  design,  meaning  all 
 treatment  combinations  had  the  same  number  of 
 observations,  we  are  safe  to  carry  on  with 
 ANOVA and this assumption is not violated. 

 Residuals by Predicted Plot (Figure 1.7): 

 4. Conclusion 
 We have strong evidence to show that using tap 
 water will on average lead to more basic water 
 (higher pH) than using bottled water. We also 
 found evidence that steeping the tea for 2 minutes 
 will lead to on average more basic water than 
 steeping the tea for 5 minutes or 8 minutes, with 
 both 5 minutes and 8 minutes leading to results 
 that didn’t significantly differ. We don’t have any 
 evidence of an existence of an interaction 
 between these two factors. 

 In terms of what’s “best,” we personally believe 
 that combination of bottled water and 8 minute 
 steeping time was the best, as it led to the result 
 that was within the average black tea pH range 
 (4.50-5.50 pH). The treatment that had the largest 
 effect (most different from overall mean) was 
 using tap water and was steeped for 2 minutes 
 and the treatment that had the smallest effect 
 (least different from overall mean) was using 
 bottled water and was steeped for 2 minutes. 

 5. Next steps 
 If  we  were  to  conduct  this  study  again,  there 
 would  be  a  few  things  we  would  change.  Next 
 time,  we  would  try  to  brew  more  tea  at  each 
 batch,  so  it  would  eliminate  as  much  error  caused 
 by  having  multiple  batches  of  tea  brewed  at 
 different  times.  Since  our  data  was  collected  for 
 only  black  tea,  the  main  next  step  would  be  to 
 look  at  how  these  results  change  for  different 
 types  of  tea.  Perhaps  a  study  similar  to  this  one 
 that  blocked  on  type  of  tea  would  be  an 
 interesting follow up. 
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 ANOVA and Effect tests: 
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