GCSE Science Challenge
FULL SOLUTIONS — All 52 Problems

Problem 1  [Physics – Forces & Motion]
The Falling Ruler
(a) s = ½gt² = ½ × 10 × (0.2)² = ½ × 10 × 0.04 = 0.2 m = 20 cm. The ruler falls 20 cm before the fingers close.
(b) The hand should be placed near the bottom of the ruler (around the 10–15 cm mark). Since the ruler falls 20 cm, the middle or upper portion passes through the fingers too quickly. Gripping lower gives more ruler above the hand to catch.
(c) t = 20 ms = 0.02 s. s = ½ × 10 × (0.02)² = ½ × 10 × 0.0004 = 0.002 m = 2 mm. A cat would only let the ruler fall 2 mm – almost nothing!

Problem 2  [Biology – Estimation]
How Many Breaths in a Lifetime?
(a) 15 × 60 × 24 × 365 × 80 ≈ 15 × 525,600 min/yr × 80 = 630,720,000 ≈ 6.3 × 10⁸ breaths.
(b) Total volume = 6.3 × 10⁸ × 0.5 = 3.15 × 10⁸ litres. This is about 126 Olympic swimming pools (3.15×10⁸ ÷ 2.5×10⁶ ≈ 126). Surprisingly large!
(c) Oxygen per breath = 0.5 × 0.21 × 0.25 = 0.02625 l. Total O₂ = 6.3×10⁸ × 0.02625 ≈ 1.65×10⁷ litres. Moles = 1.65×10⁷ ÷ 24 ≈ 690,000 mol. About 690,000 moles of oxygen in a lifetime.

Problem 3  [Physics – Waves]
Thunder and Lightning
(a) Light travel time is negligible (distance/3×10⁸ ≈ 0). Distance = speed × time = 340 × 4 = 1360 m ≈ 1.36 km.
(b) Time for sound to travel 1 km = 1000 ÷ 340 ≈ 2.94 s ≈ 3 s. So the rule is a good approximation.
(c) Storm is 1360 m away, approaching at 15 m/s. Time = 1360 ÷ 15 ≈ 91 s ≈ 1.5 minutes. Yes – take shelter immediately. Lightning strikes within 10 km can be lethal.

Problem 4  [Chemistry – Rates of Reaction]
The Disappearing Tablet
(a) Temperature rises by 50°C = 5 doublings. Factor = 2⁵ = 32.
(b) Actual ratio of times = 5 min ÷ 40 s = 300 s ÷ 40 s = 7.5. Since rate = 1/time, rate increases by factor 7.5. This is lower than 32, so the rule overestimates here – the doubling rule is only approximate.
(c) (1) Crush the tablet: increases surface area, giving more contact between reactant particles, speeding up the reaction. (2) Stir the water: removes dissolved products from the surface, maintaining a higher concentration gradient, which increases the rate of dissolution.

Problem 5  [Physics – Energy]
The Bouncing Ball
(a) After bounce 1: 2 × 0.6 = 1.2 m. After bounce 2: 1.2 × 0.6 = 0.72 m. After bounce 3: 0.72 × 0.6 = 0.432 m.
(b) GPE is proportional to height. Fraction retained = (0.6)³ = 0.216, i.e. 21.6% of the original GPE.
(c) We need 2 × (0.6)ⁿ < 0.001 m. So (0.6)ⁿ < 0.0005. Taking logs: n > log(0.0005)/log(0.6) ≈ 17.0. So after 17 bounces the ball rises less than 1 mm.
(d) The lost energy is transferred to thermal energy (heat) in the ball and floor, and some to sound energy during each impact.

Problem 6  [Biology – Genetics]
Green-Eyed Dragons
(a) The green-eyed parent must be Gg (heterozygous). If it were GG, all offspring would have green eyes. Since half have blue eyes (gg), the parent must pass on a g allele 50% of the time → Gg.
(b) Cross: Gg × gg. Punnett square gives: Gg, Gg, gg, gg → 50% green (Gg), 50% blue (gg).
(c) The green-eyed offspring from (b) are all Gg. Cross: Gg × Gg gives GG : Gg : gg = 1:2:1. Probability of blue eyes (gg) = 1/4 = 25%.
(d) The expected ratio is a probability, not a guarantee. With only 4 offspring, chance variation (random fertilisation) means the actual ratio can easily differ – e.g. 3 green, 1 blue or even all green by chance.

Problem 7  [Physics – Electricity]
The Kettle and the Bill
(a) Energy = Power × time = 2500 W × 180 s = 450,000 J = 450 kJ.
(b) Energy in kWh = 2.5 kW × (3/60) h = 0.125 kWh. Cost = 0.125 × 28p = 3.5p per boil.
(c) Annual cost = 3.5p × 6 × 365 = 7,665p ≈ £76.65 per year.
(d) Halving the boil time halves the energy used → saves half the cost. Annual saving = £76.65 ÷ 2 ≈ £38.33.

Problem 8  [Chemistry – Atomic Structure]
Isotope Detectives
(a) RAM = (35 × 75 + 37 × 25) / 100 = (2625 + 925) / 100 = 3550 / 100 = 35.5. Yes, this matches the periodic table value of 35.5.
(b) Cl-35: neutrons = 35 – 17 = 18. Cl-37: neutrons = 37 – 17 = 20.
(c) The student is wrong. Isotopes have the same number of protons and electrons, so they have identical electron configurations and therefore the same chemical properties. They differ only in mass (number of neutrons), which affects physical properties such as density.

Problem 9  [Biology – Cells & Diffusion]
The Bigger the Cell, the Harder to Feed
(a) SA = 6s², V = s³, ratio = 6/s. At s=1: ratio = 6. At s=2: ratio = 3. At s=4: ratio = 1.5.
(b) The ratio decreases as the cell grows. This is a problem because the surface area (for diffusion of oxygen and nutrients in, and waste out) increases more slowly than the volume (the amount of cytoplasm that needs supplying). Large cells cannot be supplied fast enough by diffusion alone.
(c) (1) Cell division – cells divide before they get too large, maintaining a high SA:V ratio. (2) Specialised exchange surfaces – e.g. villi in the small intestine, alveoli in the lungs – provide large surface areas to overcome the diffusion limitation in multicellular organisms.

Problem 10  [Physics – Pressure]
Pressure Underfoot
(a) Weight = 60 × 10 = 600 N. Area (both feet) = 2 × 150 cm² = 300 cm² = 300 × 10⁻⁴ m² = 0.03 m². Pressure = F/A = 600 / 0.03 = 20,000 Pa = 20 kPa.
(b) Area = 150 cm² = 0.015 m². Pressure = 600 / 0.015 = 40,000 Pa = 40 kPa.
(c) Area = 1 cm² = 1 × 10⁻⁴ m². Pressure = 600 / 1×10⁻⁴ = 6,000,000 Pa = 6 MPa. This is 150 times greater than tyre pressure (~40 kPa) and can damage flooring. It also demonstrates why concentrated pressure can cause injury.

Problem 11  [Chemistry – Bonding]
Why Water Is Weird
(a) Hydrogen bonding. Water molecules form hydrogen bonds between the δ+ hydrogen of one molecule and the δ− oxygen of another. These are much stronger than the van der Waals forces in H₂S, requiring much more energy to overcome.
(b) Oxygen has 2 bonding pairs with hydrogen and 2 lone pairs, giving a bent shape (≈104.5°). Oxygen is much more electronegative than hydrogen, so the O–H bonds are polar (O has δ−, H has δ+). The bent shape means the dipoles do not cancel, making the molecule polar overall.
(c) In ice, water molecules form a regular lattice of hydrogen bonds with larger spacing than liquid water – ice is less dense than liquid water. Ice therefore floats on water, forming an insulating layer that prevents lakes and rivers from freezing solid, allowing aquatic organisms to survive beneath in liquid water.

Problem 12  [Physics – Radioactivity]
Half-Life of a Biscuit
(a) 1 hour = 60 min = 3 half-lives. Count rate = 800 × (1/2)³ = 800 / 8 = 100 cpm.
(b) 10% of 800 = 80 cpm. After n half-lives: 800 × (0.5)ⁿ = 80 → (0.5)ⁿ = 0.1 → n = log(0.1)/log(0.5) ≈ 3.32 half-lives. Time = 3.32 × 20 ≈ 66.4 minutes.
(c) Corrected count rate = total – background. We need 800 × (0.5)ⁿ – 40 < 40, so 800 × (0.5)ⁿ < 80 → same as (b) → about 66 minutes.

Problem 13  [Biology – Enzymes]
The Lock and the Temperature
(a) The graph rises from 20°C to 37°C (optimum) then falls sharply. Rising section: higher temperature increases kinetic energy, so enzyme–substrate collisions are more frequent and successful. At the optimum, the active site shape perfectly matches the substrate. Beyond the optimum: the active site begins to distort as thermal energy disrupts bonds.
(b) At 50°C the enzyme is inhibited (slowed) but not denatured – the active site shape is distorted slightly but not permanently changed. Cooling restores the shape and activity. At 70°C the enzyme is denatured – the high temperature permanently breaks bonds maintaining the tertiary structure, irreversibly changing the active site shape.
(c) The enzymes of thermophilic bacteria have more disulfide bonds, ionic bonds, and hydrophobic interactions in their tertiary structure, making them more stable and resistant to the disrupting effect of heat. Their active site shape is maintained even at very high temperatures.

Problem 14  [Physics – Moments]
The Seesaw Problem
(a) For balance, total clockwise moment = total anticlockwise moment. 400 × 2 = 300 × d → d = 800/300 = 2.67 m from the pivot.
(b) Moments about pivot: Child 1 (400 N) at 2 m → 800 Nm anticlockwise. Child 3 (200 N) at 2 m on same side as child 2 → if child 3 is on the same side as 300 N child, let child 2 be at distance d from pivot. 400 × 2 = 300 × d + 200 × 2 → 800 = 300d + 400 → 300d = 400 → d = 1.33 m from pivot.
(c) The seesaw is uniform, so its centre of mass is at the pivot. The weight of the plank acts at the pivot, giving zero moment in either direction – it does not affect the balance calculation.

Problem 15  [Chemistry – Electrolysis]
Making Hydrogen
(a) The cathode is the negative electrode. H⁺ ions (protons) are attracted to it and reduced: 2H⁺ + 2e⁻ → H₂. Hydrogen gas bubbles are produced.
(b) Q = I × t = 2 × (10 × 60) = 2 × 600 = 1200 C.
(c) Moles of electrons = 1200 / 96,500 ≈ 0.01244 mol. Since 2 mol electrons produce 1 mol H₂: moles of H₂ = 0.01244 / 2 ≈ 0.00622 mol ≈ 6.22 × 10⁻³ mol.

Problem 16  [Biology – Transport]
Blood and Distance
(a) Cardiac output = 70 × 70 = 4,900 cm³/min = 4.9 litres/min.
(b) Circulations per hour = (4.9 × 60) / 5 = 294 / 5 = 58.8 ≈ 59 times. The entire blood volume circulates roughly once per minute.
(c) Resting output = 4,900 cm³/min. Exercise output = 150 × 110 = 16,500 cm³/min. Factor = 16,500 / 4,900 ≈ 3.4 times increase.

Problem 17  [Physics – Space]
Escape from Earth
(a) Time = distance / speed = 6,400,000 m / 11,200 m/s ≈ 571 s ≈ 9.5 minutes. (This assumes constant velocity, which is a simplification.)
(b) KE = ½mv². Earth: ½ × 1000 × (11,200)² = 6.27 × 10¹⁰ J. Moon: ½ × 1000 × (2,400)² = 2.88 × 10⁹ J. Difference ≈ 5.98 × 10¹⁰ J ≈ 22 times less energy needed from the Moon.
(c) The Moon has no atmosphere, so there is no air resistance and no aerodynamic heating. Rockets don't need heavy heat shields or to fight atmospheric drag, making launches far more fuel-efficient.

Problem 18  [Chemistry – Moles]
The Fizzy Drink
(a) Moles of CO₂ = volume / molar volume = 2.5 / 24 ≈ 0.104 mol.
(b) Mass = moles × molar mass = 0.104 × 44 ≈ 4.58 g of CO₂.
(c) From the equation, 1 mol Na₂CO₃ produces 1 mol CO₂. So 0.104 mol Na₂CO₃ is needed. Mass = 0.104 × 106 ≈ 11.0 g.

Problem 19  [Biology – Nervous System]
The Reflex Arc Relay Race
(a) Time = distance / speed = 0.5 / 100 = 0.005 s = 5 ms.
(b) Total neural travel: signal to spinal cord (5 ms) + signal from spinal cord to hand (5 ms) = 10 ms. Synaptic delays: 2 × 0.5 ms = 1 ms. Total ≈ 11 ms. Very fast!
(c) Distance ≈ 0.5 (hand to spine) + 1.0 (spine to brain) + 1.0 (brain to spine) + 0.5 (spine to hand) = 3.0 m. Time = 3.0/100 = 30 ms, plus more synaptic delays. Reflexes are faster because they bypass the brain – the response is processed at the spinal cord, saving the extra journey time.

Problem 20  [Physics – Waves & Sound]
Echoes in a Cave
(a) The sound travels to the wall and back. Distance to wall = (340 × 0.6) / 2 = 204 / 2 = 102 m.
(b) After walking 1 m/s for a moment, the caver is closer. But for the instant of the shout, the new distance = 102 – (1 × 0.6) ≈ 101.4 m. New echo delay = 2 × 101.4 / 340 ≈ 0.597 s. (Strictly, this requires iteration, but the approximation is valid for low walking speeds.)
(c) Distance to moth = (340 × 0.004) / 2 = 1.36 / 2 = 0.68 m.

Problem 21  [Chemistry – Earth Science]
Carbon and the Climate
(a) Increase = (420 – 280) / 280 × 100 = 140/280 × 100 = 50% increase.
(b) Change in ppm = 140 ppm = 140 × 10⁻⁶ by volume (≈ by moles). Moles of atmosphere = 5×10²¹ g / 29 g/mol ≈ 1.72 × 10²⁰ mol. Moles of CO₂ added = 140×10⁻⁶ × 1.72×10²⁰ ≈ 2.41×10¹⁶ mol. Mass = 2.41×10¹⁶ × 44 ≈ 1.06×10¹⁸ g ≈ 1.06×10¹⁵ kg ≈ 10¹⁵ kg.
(c) (1) Photosynthesis: plants and phytoplankton absorb CO₂ and convert it to organic matter using light energy, locking carbon away. (2) Ocean absorption: CO₂ dissolves in seawater and reacts to form carbonic acid and carbonate ions, which can be incorporated into shells and sediments – long-term geological carbon storage.

Problem 22  [Biology – Photosynthesis]
Leaf in the Light
(a) Carbon dioxide + water → glucose + oxygen (in the presence of light and chlorophyll).
(b) At high light intensity, another factor becomes limiting – most likely CO₂ concentration or temperature. The plant's photosynthetic machinery is working at maximum capacity and cannot speed up further regardless of additional light.
(c) The green parts turn blue-black (starch present) because they contain chlorophyll and can photosynthesise, producing glucose which is converted to starch. The white parts remain orange/brown (iodine colour) because they lack chlorophyll and cannot photosynthesise, so no starch is produced.

Problem 23  [Physics – Magnets & Motors]
The Spinning Coil
(a) F = B × I × L × N = 0.3 × 0.2 × 0.05 × 50 = 0.15 N.
(b) Torque = Force × perpendicular distance = 0.15 × 0.04 = 0.006 Nm = 6 × 10⁻³ Nm. (Both sides contribute, total torque = 2 × 0.003 = 0.006 Nm).
(c) Without a commutator, the current direction in the coil stays fixed. After the coil rotates past the vertical, the forces would reverse direction, braking the rotation. The commutator swaps the current direction every half turn, ensuring the forces always act in the same rotational direction, maintaining continuous spinning.

Problem 24  [Chemistry – Titration]
Neutralising the Acid
(a) NaOH + HCl → NaCl + H₂O.
(b) Moles of HCl = concentration × volume = 0.10 × (20.0/1000) = 0.10 × 0.02 = 0.002 mol.
(c) From the equation, moles of NaOH = moles of HCl = 0.002 mol. Concentration of NaOH = moles / volume = 0.002 / (25.0/1000) = 0.002 / 0.025 = 0.08 mol/dm³.

Problem 25  [Biology – Ecosystems]
The Food Web Numbers Game
(a) Energy to rabbits = 100,000 × 10% = 10,000 kJ. Energy to foxes = 10,000 × 10% = 1,000 kJ.
(b) Foxes need 10 × 2000 = 20,000 kJ/year. Working back up the chain: rabbits must store 200,000 kJ (since 10% goes to foxes). Grass must store 2,000,000 kJ. Area = 2,000,000 / 500 = 4,000 m² = 0.4 hectares.
(c) Each step up the food chain loses ~90% of energy as heat through respiration, movement, and waste. By eating plants directly (one step from the sun's energy) rather than animals, humans receive far more of the original energy stored by the producers. This means less land and fewer resources are needed to feed the same number of people.

Problem 26  [Physics – Optics]
Lenses and Eyes
(a) Using 1/f = 1/v + 1/u with sign convention: 1/10 = 1/v + 1/30 → 1/v = 1/10 – 1/30 = 3/30 – 1/30 = 2/30 → v = 15 cm.
(b) The image is real (on the opposite side of the lens from the object) and diminished (image distance 15 cm < object distance 30 cm). Magnification = v/u = 15/30 = 0.5.
(c) Short sight is corrected by a diverging (concave) lens. The lens must form a virtual image of a distant object at 0.5 m = –0.5 m. Power = 1/f. Here f ≈ –0.5 m, so power = 1/(–0.5) = –2 dioptres. A –2 D lens is needed.

Problem 27  [Chemistry – Electochemistry]
Rust Never Sleeps
(a) Iron is oxidised. Its oxidation state increases from 0 (in Fe) to +3 (in Fe₂O₃). It loses electrons. Oxygen is reduced (from 0 to –2).
(b) Moles of Fe = 500 / 56 ≈ 8.93 mol. From equation: 4 mol Fe → 2 mol Fe₂O₃·3H₂O, so 1 mol Fe → 0.5 mol rust. Moles of rust = 8.93 × 0.5 = 4.46 mol. Mass = 4.46 × 214 ≈ 955 g. Rust is nearly twice the mass of the iron it came from.
(c) (1) Painting/coating – physical barrier prevents water and oxygen reaching the iron. (2) Galvanising (zinc coating) – zinc is more reactive than iron and corrodes sacrificially, even if the coating is scratched. (3) Alloying (stainless steel) – adding chromium forms an adherent oxide layer on the surface that self-repairs.

Problem 28  [Biology – Hormones]
Blood Sugar Rollercoaster
(a) The pancreas (specifically beta cells in the islets of Langerhans) detects rising blood glucose and secretes insulin.
(b) (1) Cells take up more glucose from the blood for use in respiration. (2) The liver converts excess glucose to glycogen (glycogenesis) and stores it – removing glucose from the bloodstream.
(c) Without insulin, cells cannot absorb glucose. Blood glucose stays dangerously high (hyperglycaemia) – damaging blood vessels, kidneys, nerves, and eyes. Meanwhile, cells are starved of glucose, forcing the body to break down fats and proteins, producing ketones which acidify the blood (diabetic ketoacidosis – potentially fatal). Management: regular blood glucose monitoring, subcutaneous insulin injections (or an insulin pump), and careful dietary management.

Problem 29  [Physics – Nuclear Physics]
Chain Reaction
(a) Control rods (typically made of boron or hafnium) absorb the surplus neutrons. This keeps the chain reaction self-sustaining (critical) without it running away (supercritical).
(b) Moles of U-235 in 1 kg = 1000/235 ≈ 4.255 mol. Atoms = 4.255 × 6.022×10²³ ≈ 2.56×10²⁴ atoms. Energy = 2.56×10²⁴ × 3.2×10⁻¹¹ ≈ 8.19×10¹³ J ≈ 8.2 × 10¹³ J.
(c) Energy from 2.8×10⁶ kg coal = 2.8×10⁶ × 3.3×10⁷ = 9.24×10¹³ J. This is comparable to the energy from 1 kg of U-235 (8.2×10¹³ J). Nuclear fuel contains roughly one million times more energy per kilogram than coal.

Problem 30  [Chemistry – Organic]
Alcohol and Energy
(a) For combustion reactions, atom economy is less meaningful – all reactants are consumed and no atoms are 'wasted'. The concept applies better to synthesis reactions. However, in terms of the biofuel cycle, CO₂ released was absorbed during plant growth, so the net carbon output can be considered low.
(b) Mass of 1 litre = 1000 × 0.789 = 789 g. Moles = 789/46 ≈ 17.15 mol. Energy = 17.15 × 1371 ≈ 23,512 kJ ≈ 23,500 kJ per litre.
(c) Ethanol provides ~23,500 kJ/litre vs petrol's ~34,000 kJ/litre. Ethanol delivers about 69% of petrol's energy density. This means a car using ethanol needs a larger fuel tank or more frequent refuelling, but ethanol is a renewable, lower-carbon fuel.

Problem 31  [Biology – Evolution]
The Peppered Moth
(a) Dark and pale moths existed in the population due to genetic variation (mutation). When bark was pale, pale moths were better camouflaged from predators and had a greater chance of survival and reproduction, passing on pale genes. Dark moths were more easily spotted and eaten. After pollution, dark bark meant dark moths now had the survival advantage – they were better camouflaged, survived more, and reproduced more, increasing the dark allele frequency in the population.
(b) With clean air, bark has returned to its pale colour. Pale moths are now better camouflaged again, have higher survival rates, reproduce more, and pass on more pale alleles – increasing the proportion of pale moths in the population over generations.
(c) The statement implies intentional or directed change by individuals. In reality, individual moths cannot change colour during their lifetime. The change occurs at the population level over many generations via natural selection – moths with the gene for the better-camouflaged colour survived and reproduced more.

Problem 32  [Physics – Heat Transfer]
The Warm House
(a) ΔT = 20 – 0 = 20°C.
(b) Reduction in heat loss = 5 kW × 30% = 1.5 kW. Energy saved in 8 hours = 1.5 × (8 × 3600) = 1.5 × 28,800 = 43,200 kJ.
(c) The boiler must supply 43,200 kJ less useful heat. Since boiler is 80% efficient: gas energy needed = 43,200 / 0.8 = 54,000 kJ less. Volume of gas saved = 54,000 / 39,000 ≈ 1.38 m³.

Problem 33  [Chemistry – Polymers]
Plastic Planet
(a) The repeat unit is –[CH₂–CH₂]–. Each carbon has two hydrogen atoms and single bonds to the adjacent carbons. (Drawn: H H | | –C–C– | | H H with subscript n)
(b) Atom economy = (mass of desired product / total mass of reactants) × 100. In addition polymerisation, all monomer atoms become part of the polymer. No atoms are lost as by-products. Atom economy = 100%.
(c) Poly(ethene) consists of very long, non-polar hydrocarbon chains with no functional groups that enzymes (from bacteria or fungi) can attack. Microorganisms lack the biological machinery to break C–C bonds in such chains. Environmental consequence: plastic accumulates in landfill, oceans, and food chains (microplastics). Solution: catalytic cracking of plastic waste back to monomers (chemical recycling), or development of biodegradable alternatives like polylactic acid (PLA).

Problem 34  [Biology – Respiration]
ATP and the Sprint
(a) Glucose + oxygen → carbon dioxide + water (+ energy/ATP).
(b) Anaerobic respiration (anaerobic fermentation in animals). Glucose → lactic acid (+ small amount of ATP). In equation form: C₆H₁₂O₆ → 2C₃H₆O₃.
(c) During the sprint, lactic acid accumulates in muscles (the oxygen debt). After stopping, the body must 'repay' this debt: extra oxygen is used to oxidise the lactic acid to CO₂ and water, and to restore ATP and phosphocreatine stores. The brain detects elevated CO₂ and lactic acid in blood and maintains a high breathing rate until these are cleared – hence continued heavy breathing after exercise.

Problem 35  [Physics – Particle Physics]
Inside the Atom
(a) The 'plum pudding' model: a diffuse positive 'pudding' with electrons embedded in it. It predicted that alpha particles would pass through with only very small, gradual deflections, spread evenly – no large deflections.
(b) Most pass through: atoms are mostly empty space, so most alphas pass without hitting anything. Some deflect at small angles: they pass close to the positive nucleus and are repelled by electrostatic (Coulomb) repulsion. Tiny fraction bounce back: these rare events occur when an alpha particle is aimed almost directly at the nucleus – the concentrated positive charge repels it strongly. This showed the positive charge is concentrated in a tiny, dense nucleus.
(c) Alpha particles deflect more when they pass closer to the nucleus. At closer approach distances, the electrostatic repulsion force (F ∝ 1/r²) is greater, causing a larger change in direction. Particles aimed far from the nucleus experience negligible force and are barely deflected.

Problem 36  [Chemistry – Acids & Bases]
pH Puzzles
(a) pH = –log[H⁺]. pH 3: [H⁺] = 10⁻³ mol/dm³. pH 6: [H⁺] = 10⁻⁶ mol/dm³. Ratio = 10⁻³/10⁻⁶ = 10³ = 1000. The pH 3 solution has 1000 times higher H⁺ concentration.
(b) OH⁻ ions from NaOH react with H⁺ ions from the acid: H⁺ + OH⁻ → H₂O. As OH⁻ is added, H⁺ concentration decreases. At pH 7, [H⁺] = [OH⁻] = 10⁻⁷ mol/dm³ – the solution is neutral. Na⁺ and Cl⁻ (if HCl) remain as spectator ions in solution.
(c) Enzyme activity in the body depends critically on pH – a change of 0.4 units can denature enzymes or alter their shape significantly. At pH 7.0 (acidosis), haemoglobin cannot carry oxygen efficiently, enzymes malfunction, and cellular processes break down. This is life-threatening. Blood is buffered primarily by the CO₂/HCO₃⁻ system to keep pH between 7.35 and 7.45.

Problem 37  [Biology – Immunity]
Vaccines and Herd Immunity
(a) The vaccine contains antigens (from the killed/weakened pathogen or just its surface proteins). These are detected by B lymphocytes with complementary receptors, which are stimulated to divide and produce antibodies specific to those antigens. Some B cells differentiate into memory cells. If the real pathogen later enters the body, memory cells rapidly proliferate and produce large quantities of antibodies, destroying the pathogen before illness develops.
(b) This is herd immunity. The pathogen cannot spread easily through a largely immune population because it rarely encounters susceptible hosts. Transmission chains are broken, protecting those who cannot be vaccinated (e.g., immunocompromised or very young). There are too few susceptible individuals for an epidemic to take hold.
(c) The vaccine was designed to match the antigens of the original strain. Memory cells and antibodies produced by the vaccine are specific to those antigens (lock-and-key complementarity). If new surface antigens have different shapes, existing antibodies may not bind as effectively, reducing neutralisation. A new or updated vaccine would be needed to match the new strain.

Problem 38  [Physics – Electromagnetism]
The Transformer
(a) Vs/Vp = Ns/Np → Vs = 230 × (2000/500) = 230 × 4 = 920 V.
(b) For 100% efficiency: Vp × Ip = Vs × Is → 230 × Ip = 920 × 0.5 = 460 → Ip = 2 A.
(c) Power loss = I²R. At 100 A: P = 100² × 10 = 100,000 W = 100 kW. At 10 A: P = 10² × 10 = 1000 W = 1 kW. Transmitting at 10 times higher voltage (thus 10 times lower current) reduces power loss by a factor of 100. The National Grid uses step-up transformers to raise voltage, dramatically reducing resistive losses during transmission.

Problem 39  [Chemistry – Equilibrium]
Haber's Compromise
(a) Increasing temperature shifts the equilibrium in the endothermic direction (Le Chatelier's principle) – i.e., the reverse reaction is favoured, decomposing NH₃. The yield of ammonia decreases at higher temperatures.
(b) Left side: 1 + 3 = 4 moles of gas. Right side: 2 moles of gas. Increasing pressure shifts equilibrium toward the side with fewer moles of gas (right), increasing NH₃ yield. 200 atm gives a good compromise between yield and safety/cost of maintaining high pressure.
(c) At 200°C, the equilibrium yield would be higher, but the rate of reaction would be extremely slow (less kinetic energy, fewer successful collisions). It could take days or years to reach equilibrium. At 450°C, the rate is fast enough to be economically viable, even though the yield per pass through the reactor is only ~15–25%. Unreacted gases are recycled to maximise overall efficiency.

Problem 40  [Biology – Homeostasis]
Cold Day, Hot Body
(a) (1) Vasoconstriction: blood vessels near the skin constrict, reducing blood flow to the skin's surface and reducing heat loss by radiation and convection. (2) Piloerection (goose bumps): erector pili muscles raise hairs, trapping a layer of insulating air near the skin – less effective in humans than in furry animals. (3) Reduced sweating: sweat glands produce less sweat, reducing evaporative heat loss.
(b) Shivering is rapid, involuntary contraction and relaxation of skeletal muscles. Muscles require ATP for contraction; cellular respiration generates heat as a by-product of ATP production. The rapid muscle contractions produce a large amount of metabolic heat, helping to raise core body temperature.
(c) Neurones in the brain are extremely sensitive to temperature. At 35°C, the rate of chemical reactions in neurones (including neurotransmitter release and ion channel function) slows. Synaptic transmission becomes less efficient, slowing thought processes, impairing judgement, and causing confusion. Below about 30°C, unconsciousness results.

Problem 41  [Physics – Momentum]
The Crash Test
(a) Momentum is conserved. p_before = 1200 × 15 = 18,000 kg m/s. After: (1200 + 1000) × v = 18,000 → 2200v = 18,000 → v = 8.18 m/s.
(b) KE before = ½ × 1200 × 15² = ½ × 1200 × 225 = 135,000 J. KE after = ½ × 2200 × 8.18² = ½ × 2200 × 66.9 = 73,590 J. KE lost = 135,000 – 73,590 ≈ 61,400 J. Lost to deformation (permanent crumpling of metal), heat, and sound.
(c) Crumple zones increase the time over which the car decelerates (the collision duration, Δt). By impulse-momentum theorem: F × Δt = Δp. If Δp is fixed (same crash), a larger Δt means a smaller F. Crumple zones absorb energy by permanently deforming, extending the crash duration and thus significantly reducing the peak force transmitted to passengers.

Problem 42  [Chemistry – Metals]
Reactivity Races
(a) Copper does not react (below hydrogen in the reactivity series). Magnesium reacts: Mg + 2HCl → MgCl₂ + H₂. Zinc reacts: Zn + 2HCl → ZnCl₂ + H₂.
(b) Method 1: Collect and measure the volume of hydrogen gas produced using a gas syringe or an inverted measuring cylinder over water – record volume at regular time intervals and plot volume vs. time. Method 2: Place the beaker on a balance and record the mass at regular intervals – mass decreases as H₂ escapes. The rate = gradient of the graph.
(c) Magnesium is more reactive than zinc because it loses electrons more readily. At the particle level, Mg atoms have a greater tendency to be oxidised (Mg → Mg²⁺ + 2e⁻). More collisions result in successful reactions because Mg has lower ionisation energy than Zn. More successful collisions per unit time = faster rate of reaction.

Problem 43  [Biology – Plant Biology]
The Wilting Mystery
(a) Normally, water enters plant cells by osmosis (from soil water) making the vacuole expand and push against the cell wall – this creates turgor pressure, keeping the cell rigid. When water is scarce, cells lose water by osmosis, the vacuole shrinks, and cells become flaccid (no turgor pressure). If water loss continues, the cell membrane may pull away from the cell wall (plasmolysis). Without turgor pressure, leaves and stems cannot be supported and the plant wilts.
(b) (1) Higher temperature: increases the rate of evaporation from leaf cells and increases the diffusion rate of water vapour. (2) Lower humidity: steeper concentration gradient from leaf air spaces to outside air, so water diffuses out faster. (3) Higher wind speed: removes water vapour from the leaf surface, maintaining a steep concentration gradient.
(c) Volume = area × distance = 0.5 × 5 = 2.5 cm³ in 10 minutes. Rate = 2.5/10 = 0.25 cm³/min.

Problem 44  [Physics – Astronomy]
Red Shift and the Expanding Universe
(a) Δλ = 535 – 500 = 35 nm. z = 35/500 = 0.07.
(b) v = z × c = 0.07 × 3×10⁵ = 21,000 km/s. d = v / H₀ = 21,000 / 70 = 300 Mpc.
(c) Red shift in all directions means all galaxies are moving away from us – and from each other. This indicates the universe is expanding in all directions (no centre, just expansion of space itself). Running this expansion backwards in time leads to the conclusion that all matter was once concentrated at a single point, expanding outward in the Big Bang approximately 13.8 billion years ago.

Problem 45  [Chemistry – Food & Chromatography]
What's in the Colour?
(a) Rf = distance moved by spot / distance moved by solvent = 6/8 = 0.75.
(b) Distance = Rf × solvent front distance = 0.45 × 8 = 3.6 cm from the baseline.
(c) Two spots indicate the 'red' colouring is a mixture of at least two different dyes (not a pure substance). To confirm identity: run a reference chromatogram alongside using known food dyes. If the Rf value of each unknown spot matches a known dye's Rf value in the same solvent, they are likely the same compound. For certainty, test in a second different solvent – matching Rf values in two solvents strongly suggests the same substance.

Problem 46  [Biology – DNA & Protein Synthesis]
From Gene to Protein
(a) mRNA is complementary to the DNA template strand (A↔U, T↔A, G↔C). DNA: TAC GGC ATT → mRNA: AUG CCG UAA.
(b) AUG = Methionine (start codon). CCG = Proline. UAA = Stop codon. Amino acid sequence: Met – Pro (then stop). A dipeptide is produced.
(c) The mutation changes TAC to CAC. The new mRNA codon would be GUG (not AUG). GUG codes for Valine (not the start codon Met). This could: (1) prevent the ribosome from starting translation at this point (no AUG start codon), producing no protein; or (2) if another start codon exists upstream, the protein sequence changes (Val instead of Met at position 1). Proline and the stop codon are unaffected. Whether the protein functions depends on whether the first amino acid change disrupts the protein's folding.

Problem 47  [Physics – Circular Motion]
Roundabout Physics
(a) a = v²/r = 10²/20 = 100/20 = 5 m/s².
(b) F = ma = 1200 × 5 = 6000 N. This force is provided by friction between the car's tyres and the road surface. Without this friction, the car would continue in a straight line (Newton's 1st Law).
(c) F = mv²/r → v² = Fr/m = 2000 × 20 / 1200 = 40,000/1200 = 33.3. v = √33.3 ≈ 5.77 m/s ≈ 5.8 m/s (about 21 km/h). The maximum safe speed is roughly halved – consistent with advice to slow down significantly on icy roads.

Problem 48  [Chemistry – Enthalpy]
Calorimetry in a Cup
(a) Q = mcΔT = 200 × 4.2 × 28 = 23,520 J = 23.52 kJ.
(b) Moles of ethanol = 0.5/46 = 0.01087 mol. ΔH per mole = –23.52/0.01087 ≈ –2165 kJ/mol. This is much less exothermic in magnitude than the data book value (–1371 kJ/mol). Wait – experimental gives 2165 which is higher in magnitude. Let me re-examine: the experimental value of 2165 kJ/mol is actually higher than 1371 kJ/mol... No: 23.52 kJ for 0.01087 mol → 2164 kJ/mol. The data book value is 1371, so experimental is 58% higher – this means the spirit burner was burning more efficiently than typical lab conditions, or the comparison to the data book shows the limitations. More typically experimental values are LOWER. Here the high result may reflect experimental error. Percentage difference = |(2165–1371)/1371| × 100 ≈ 58%.
(c) Reasons the experimental value may differ: (1) Heat loss to surroundings – the calorimeter and air absorb heat that is not measured. (2) Incomplete combustion of ethanol – soot and CO produced release less energy. (3) Evaporation of ethanol from the wick/burner before combustion – mass burned may be less than 0.5 g. (4) Heat capacity of the copper calorimeter is not accounted for.

Problem 49  [Biology – Reproduction]
Human Fertility Numbers
(a) Sperm per second = 1500. Per year = 1500 × 60 × 60 × 24 × 365 ≈ 4.73 × 10¹⁰. Over 40 years = 40 × 4.73 × 10¹⁰ ≈ 1.9 × 10¹² ≈ 2 trillion sperm.
(b) Percentage ovulated = 400/1,000,000 × 100 = 0.04%. Fewer than one in two thousand oocytes are ever ovulated – an extreme bottleneck.
(c) Haploid means the cell contains only one copy of each chromosome (n = 23 in humans, instead of the normal diploid 2n = 46). This is important because at fertilisation, the sperm (23 chromosomes) fuses with the egg (23 chromosomes), restoring the diploid number of 46 chromosomes in the zygote. If gametes were diploid, each fertilisation would double the chromosome number – after just a few generations this would be unviable.

Problem 50  [Physics – Quantum & Photoelectric]
Light as Particles
(a) Light behaves as packets of energy called photons. Each electron needs a minimum energy (the work function) to escape the metal. A single photon interacts with a single electron – if the photon's energy is below the work function, no electron is released regardless of intensity (brightness = more photons, not more energy per photon). UV photons have higher frequency (E = hf) than visible light, and their energy exceeds the work function of zinc. Visible light photons have insufficient energy per photon, so no emission occurs.
(b) E = hf = 6.63×10⁻³⁴ × 1.5×10¹⁵ = 9.945×10⁻¹⁹ J ≈ 9.95×10⁻¹⁹ J.
(c) Maximum KE = photon energy – work function = 9.95×10⁻¹⁹ – 6.89×10⁻¹⁹ = 3.06×10⁻¹⁹ J.

Problem 51  [Chemistry – Spectroscopy]
Flame Test Mysteries
(a) Lilac/violet → Potassium (K⁺). Bright yellow → Sodium (Na⁺). Brick-red → Calcium (Ca²⁺).
(b) When metals are heated in a flame, their electrons absorb thermal energy and jump to higher energy levels (excited states). As electrons fall back to lower energy levels (ground state), they release energy as photons of light. The energy difference between levels is fixed for each element (quantised), so each element emits light at specific wavelengths (colours). Different metals have different electron energy level spacings, producing characteristic colours.
(c) Sodium (Na⁺) is in excess – its intense yellow emission overwhelms the lilac of potassium. To identify both unambiguously: use atomic emission spectroscopy (or flame photometry/AAS). This technique produces a spectrum showing all wavelengths of light emitted. Each element has a unique spectral 'fingerprint', and both sodium (589 nm) and potassium (766 nm) peaks would be visible and quantifiable even when one is present in much larger amounts.

Problem 52  [Biology + Physics + Chemistry]
The Year in One Question
(a) Duration = 3.5 × 3600 = 12,600 s. Mass of glucose = 0.1 × 12,600 = 1260 g. Moles of glucose = 1260/180 = 7 mol. From equation: 1 mol glucose → 6 mol CO₂. Moles of CO₂ = 7 × 6 = 42 mol.
(b) Distance = 42,200 m. Time = 12,600 s. Speed = 42,200/12,600 ≈ 3.35 m/s (about 12 km/h). KE = ½mv² = ½ × 65 × 3.35² = ½ × 65 × 11.22 ≈ 365 J.
(c) The vast majority of marathon running uses aerobic respiration – the relatively sustainable pace allows the cardiovascular system to deliver sufficient oxygen to muscles. The switch to anaerobic respiration occurs when oxygen demand exceeds supply (e.g., sprinting up a hill), controlled by oxygen availability at the muscle cells. The waste product is lactic acid, which must be removed (transported by the blood to the liver for conversion back to glucose) to prevent the drop in pH that inhibits enzyme activity and causes the painful muscle fatigue of 'hitting the wall'.

